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PRE FACE 

This volume was prepared by the Thermophysical and Electronic Properties 

Information Analysis Center (TEPIAC),  a DOD Information Analysis Center operated 

by the Center for Information and Numerical Data Analysis and Synthesis (CINDAS), 

Purdue University, West Lafayette, Indiana. 

The overall program is aimed at providing data and information on all the important 

thermophysical properties of twenty-seven selected aerospace materials.   This Part I 

contains data and information on thermal radiative properties only.   Other parts are in 

preparation to cover other thermophysical properties. 

Because of the extensive scope and highly specialized nature of the work, the 

staff who contributed to this volume were drawn not only from TEPIAC but also from 

other CINDAS programs.   The following key personnel comprised the team responsible 

for the authorship (including data compilation, evaluation, and generation of recommended 

values) of the sections on the various selected materials:  Mr. M. W. Johnson (Aluminum 

Alloy 2024), Dr. P. D. Desai (Aluminum Alloy 7075 and Titanium Alloy Ti-6A1-4V), 

Mr. T. Y. R. Lee (AISI 304 Stainless Steel), Dr. R. A. Matula (Aluminum oxide, boron 

nitride, calcium aluminum silicate, magnesium fluoride, Pyroceram, and vitreous silica), 

Mr. T. N. Havill (silicon). Dr. K. Y. Wu (silicon carbide), Dr. T. C. Chi (silicon 

nitride, acrylic resins, Luclte, polycarbonate plastics, and sillcone resins), and Dr. 

H. H. LI (aluminized grafoll, boron fiber aluminum matrix composite, graphite fiber 

aluminum matrix composite, boron fiber epoxy composite, glass fiber epoxy composite, 

and graphite fiber epoxy composite).   The Scientific Documentation Division of TEPIAC 

provided the in-depth search of the literature supplemental to its basic coverage. 

We wish to take this opportunity to acknowledge the assistance provided by many 

of our friends both in governmental laboratories and In Industry.   In most cases this 

assistance has taken the form of providing reports or papers not readily available. 

It is hoped that the present volume will prove useful to a large technical community 

as It provides a wealth of knowledge heretofore unknown or inaccessible to many.   In 

particular. It Is felt that the critical evaluation, analysis and reference data recommenda- 

tion, whenever possible, constitute perhaps the most unique aspect of this work. 

In putting a volume of this magnitude together it is nearly impossible to avoid 

some errors and omissions.   It Is hoped that we were able to keep these to a minimum. 

The editors and contributors would be most grateful if those who use this volume bring 

to their attention any additional known data or any possible errors that might have been 

Inadvertently committed. 

Y. S. TOULOUKIAN 
Director of CINDAS 
Distinguished Atkins Professor of 

May 1976 Engineering 
West Lafayette, IN     47906 Purdue University 
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SUMMARY 

This volume presents the mort comprehensively compiled experimental data and 

the critically evaluated and recommended values for the thermal radiative properties 

(hemispherical, normal, angular) spectral eimttance, reflectance, absorptance, and 

transmittance of twenty-seven selected aircraft/spacecraft structural materials of tech- 

nological interest. 

Each subproperty is treated with respect to both wavelength and temperature 

dependences whenever possible.   In the compilation of experimental data, all available 

data covering from the photographic region of the spectrum up to 100 ^im are included. 

The recommended values resulting from critical evaluation, analysis, and synthesis 

of the available data and information cover the wavelength range of present interest from 

visible region (below 1 fjja) to the infrared of 15 ^tm, if possible.   Furthermore, the 

recommended values as a function of temperature are given for four particularly useful 

wavelengths (wherever possible):  2.8 ^tm, 3.8 ^xm, 5.0 jxm, and 10. 6 ^m. 

The experimental data and the recommended values for each dependence of each 

subproperty of each material are presented in both tabular and graphical forms, together 

with a discussion text and a specification table.   The former reviews and discusses the 

available data and information, the theoretical guidelines and other factors on which the 

critical evaluation, analysis, and synthesis of data are based, and the considerations 

involved in arriving at the final assessment and recommendations, and the latter gives 

the information on the specimen characterization and measurement method and condition 

for each set of experimental data. 

In order to enable the user to fully utilize and properly interpret the data and 

information presented in this reference work and also to enhance the usefulness of the 

data themselves, the theoretical background of thermal radiative properties is given at 

the beginning of the volume.   Since most of the selected materials are not well known, 

a concise description of each of the materials is given at the beginning of each of the 

subsections. 

The material and property coverage of this volume is summarized in the table 

entitled "Page Index to Materials and Properties" which appears on the next page. 
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1.   INTRODUCTION 

This reference work presents the most comprehensively compiled experimental 

data and the critically evaluated and recommended values on the thermal radiative prop- 

erties of twenty-seven selected aircraft/spacecraft structural materials. 

The twenty-seven specific materials and generic groups of materials covered 

are the following: 

Melting Point (K) 

1. Metals 

(1) Aluminum Alloy 2024 
(2) Aluminum Alloy 7075 
(3) AISI 304 Stainless Steel 
(4) Titanium Alloy Ti-6Al-4V 
(5) Hadfield Manganese Steel 

2. Dome Materials 

-300) (6) Aluminum oxide (Wesgo Al- 
(7) Boron nitride 
(8) Calcium aluminum silicate (Coming 9753) 
(9) Magnesium fluoride (Kodak IRTRAN 1) 

(10) Pyroceram (Corning 9606) 
(11) Silica (vitreous) 
(12) Silicon 
(13) Silicon carbide 
(14) Silicon nitride 

3. Transparent Materials 

(15) Acrylic resins 
(16) Lucite 

(17) Polycarbonate plastics 

(18) Polyphenylqulnoxaline 
(19) Sillcone resins 

4. Composites 

(20) Aluminized grafoil 
(21) Boron fiber aluminum matrix composite 
(22) Graphite fiber aluminum matrix composite 
(23) Boron fiber epoxy composite 
(24) Glass fiber epoxy composite 
(25) Graphite fiber epoxy composite 
(26) Silicon nitride with chopped graphite fiber 
(27) Silicon nitride with vitreous silica 

775-911 
750-911 

1670-1727 
1803-1908 
1470-1480 

2315-2320 
3273( sublimation) 
1723-1773 
1528 
1623 (softening) 
1950-2000 
1687 

> 24 00 (sublimation) 
2200 (dissociation) 

277-511 (softening) 
397 (softening) 
520 (decomposition) 
430 (softening 
580( decomposition) 
780-830 (decomposition) 
473-873(thermal degradation) 

933. 52 (M. P. o' Al) 
933. 52 (M. P. of Al) 
933. 52 (M. P. of Al) 
590( epoxy decomposition) 
590(epoxy decomposition) 
590(epoxy decomposition) 

The thermal radiative properties covered Include the four prime properties: 

emittance, reflectance, absorptance, and transmittance.   Additionally, each of the 



prime properties are divided into three subproperties:  hemispherical spectral, normal 

sp0ctral, and angular spectral, and each subproperty is treated with respect to both 

wavelength and temperature dependences, wherever possible. 

In the comi  lation of experimental data, all available data covering from the 

photographic region of the spectrum up to 100 ^un are included.   The recommended val- 

ues resulting from critical evaluation, analysis, and synthesis of the available data and 

information cover the wavelength range of present interest from visible region (below 

1 /im) to the infrared of 15 >im. If ,*ossible.    Furthermore, the recommended values 

as a function of temperature are given for four particularly useful wavelengths (when- 

ever possible); namely:   2.8, 3.8, 5.0, and 10.6 jim. 

In order to enable the user to fully utilize and properly interpret the data and 

information presented in this report and also to enhance the usefulness of the data them- 

selves. Section 2 provides the theoretical background of thermal radiative properties, 

which is believed useful.    In Section  3 the procedure for data evaluation and the gener- 

ation of recommended values is briefly outlined.   The original experimental data and the 

critically evaluated and recommended values in both tabular and graphical forms for 

the various subproperties of the selected materials are given In Section 4, together with 

a discussion text and a table on measurement information.   The discussion text reviews 

and discusses the available data and information, the theoretical guidelines and other 

factors on which the critical evaluation, analysis, and synthesis of data are based, and 

the considerations involved in arriving at the final assessment and recommendations. 

In this discussion text the accuracy or uncertainty of the recommended values Is also 

stated.   The table on mea«»urement information contains the information on the specimen 

characterization and measurement method and condition for each set of experimental data. 

Since most of the selected materials are not well known, a concise description of each 

of the materials is given at the beglnnirg of each of the subsections in Section 4.   The 

complete bibliographic citations for the 332 references are given in Section 5. 



2.   THEORETICAL BACKGROUND* 

2.1.   General Remarks 

The purpose of this section is to briefly explain the theoretical background that 

is helpful in understanding thermal radiative properties and the material presented in 

thif report. 

When light or other forms of electromagnetic radiation is incident on a material, 

three things can happen:   the light is reflected, the light is absorbed, or the light is trans- 

mitted.   Materials in general exhibit selective reflectance, absorptance, and transmit- 

tance, which means that the reflectance, absorptance, and transmittance vary with the 

wavelength of the incident light.    I'or example, if the fraction of the incident light or 

radiative energy transmitted is plotted against wavelength, it would show peaks and val- 

leys.   What is the significance of peaks in a transmittance curve as a function of wave- 

length?   When looking through a piece of blue glass which is illuminated by white light, 

it would appear blue to an observer.   This means that the blue light with its character- 

istic wavelengths passes through the material and is not absorbed.   Red glass which is 

illuminated by white light will appear red to an observer meaning that the red light with 

its characteristic wavelengths is not absorbed and passes through the glass with little 

loss in intensity.   Thus, as a generalization, it can be stated that the wavelengths of 

light that are transmitted by a material are those wavelengths at which the light is not 

selectively absorbed by the material.   This generalization holds not only for visible light 

but also for thermal radiation.   The peaks or high values of transmittance covrespond 

to the thermal radiation which is not absorbed at those particular wavelengths and the 

valleys or low values of transmittance correspond to the thermal radiation which is ab- 

sorbed at those particular wavelengths.   What physically occurs when light or thermal 

radiation at certain wavelengths is absorbed?   A material is made up of a large number 

of atoms and/or molecules.   These atoms or molecules can undergo various kinds of 

motion or changes in condition by excitation with light or other electromagnetic radiation 

of certain wavelengths.   When the wavelength of the incident radiation is the same as 

the wavelength necessary to excite various kinds of motion or changes in condition, the 

atoms or molecules absorb the radiation of those wavelengths and the remaining radiation 

with other wave lengths is transmitted through the matprial. 

Radiation is one of the three fundamental means of heat transfer, the others being 

conduction and convection.   Radiation differs from the other means in two important re- 

spects: first, no medium is required for the transport of energy by radiation, and second, 

♦ For details, see the text in [T61238 and T66579]. 



the rate of heat dissipation by radiation varies approximately as the fourth power of the 

absolute temperature, whhe that by the other means varies approximately as the first 

power of temperature.   For these reasons, radiation becomes the dominant means of 

heat transfer at high temperatures and in the absence of an atmosphere. 

The thermal radiative properties - emittance, reflectance, absorptance, and 

transmittance - are the parameters which are descriptive of the energy transported by 

mearw of radiation.   The properties can be prescribed in greater detail to account for 

the spectral or wavelength conditions and the geometrical or directional conditions in 

which the radiant energy interacts with the solid.   This interaction can be phenomenol- 

ogically described by other properties as well, such as the optical constants, complex 

dielectric constant, or propagation factor, each of which is especially convenient for 

studying various aspects of the interaction. 

There is a marked contrast between the radiative properties of metallic and 

nonmetallic solids.   The magnitude of the radiative properties of the metallic solid is 

determined to a large extent by the surface condition; due to the high absorption index 

radiant energy will not travel more than a few hundred angstroms into the metal before 

being totally absorbed.   As a result, surface roughness, oxide layer formations, struc- 

tural defects due to mechanical stresses, etc. can be predominating influences on the 

property variations.   The nonmetallic or dielectric materials are known to be less sen- 

sitive to surface conditions; the absorption and emission processes are "bulk" or "volume" 

phenomena.   This is a consequence of appreciable transparency of the nonmetallic solid 

to thermal radiation. 

The understanding of the basic mechanism of interaction between radiant energy 

and metallic solids is reasonably well developed.   The behavior of the metallic solid 

is fairly adequately described by the free electron models which indeed are only approx- 

ima^.e, but do provide simple and useful tools.   The more sophisticated theories, while 

still not useful as yet for the prediction of numerical values from structural parameters, 

do provide a means for evaluation of experimental data and a basis for developing em- 

pirical relations to meet specific conditions.   Our understanding of the theory of nonmetal- 

lic behavior is less well developed.   The simplest model ascribes the nonmetallic behavior 

as due to a combination of several tyoep of free electrons and electrons bound to the lat- 

tice.   The theory is useful for basic understanding of behavior but not tractable for direct 

computation of property values.   The problem is further complicated by transparency, 

scattering phenomena, and temperature gradients within the solid, which can usually 

be treated only in a gross or oversimplified manner. 



In summary, then, pertaining to the principal differences between the metallic 

and nonmetallic behaviors, it can be stated that there are two:   (1) the contributions 

of the transparency of nonmetallic solids giving rise to "volume" effects rather than 

"surface" effects which predominate the behavior of metallic solids, and (2) the lack 

of theoretical tools and simplified models for nonmetallic solids as are available for 

metallic materials. 

2.2.   Terminology 

In order to understand the many terms and the notation used to describe thermal 

radiation, an explanation of relevant processes, things, quantities, properties, and des- 

criptors, etc. is called for. 

a.   Processes 

Radiation.   The process by which radiant energy is emitted by a body.   This process 

is also called emission. 

Reflection.   The process by which radiant energy incident on a surface or medium leaves 

that surface or medium from the incident side. 

Transmission.   The process by which radiant energy incident on a surface or medium 

leaves that surface or medium on a side other than the incident side. 

Absorption.   The process by which radiant energy is converted into another form of 

energy. 

Propagation.   The process or processes by which radiant energy is transferred from 

one region to another region in space. 

b.   Things 

Radiator.   A source of radiant energy. 

Thermal Radiator.   A radiator that emits thermal radiant energy, as a consequence of 

its temperature only. 

Blackbody.   A body or surface that absorbs all of the radiant energy incident upon it, 

and emits the maximum possible amount of thermal radiant energy at each fre- 

quency for a body at its temperature. 

Reflector.   A body that reflects incident radiant energy. 

Transmitter.   A body that transmits incident radiant energy. 

■■  —- 



Transparent Body.   A body that transmits radiant energy directly, without diffusion or 

scattering, and has a relatively high transmittance. 

Translucent Body.   A body that transmits radiant energy principally by diffuse transmis- 

sion.   Objects are not seen distinctly through such a body. 

Absorber.   A body that absorbs incident radiant energy. 

c.   Quantities 

Radiant Energy, Q.   Energy in the form of electromagnetic waves or photons.   Joules, 

ergs, or kilowatt-hours. 

Thermal Radiant Energy. Q.   Radiant energy that is emitted by a thermal radiator. 

Radiant Density, W.   W = dQ/dV.   Radiant energy per unit volume.   Joule per cubic meter, 

erg per cubic centimeter. 

Radiant Flux, «E.   $ = dQ/dt.   Time rate of flow of radiant energy.   Erg per second, 

watt. 

Radiant Intensity, I.   I = dO/da).   Flux per unit solid angle from a source.   Watt per 

steradian. 

Radiance, L.   L = d2j>/da; dA cos 9.   Flux propagated in a given direction, per unit solid 

angle about that direction and per unit area projected normal to the direction. 

Exitance, M.   M = dj>/dA.   Flux per unit area leaving a surface. 

Irradiance, E.   E = d<fr/dA.   Flux per unit area incident on a surface. 

d.   Properties 

Properties ending in "ance" are properties of real specimens, regardless of 

thickness or surface condition.   Properties ending in "ivity" are intrinsic properties 

of the material of which the specimen is composed, and can onbr be approached by val- 

ues measured on real specimens that have clean optically smooth surfaces and are 

opaque. 

Reflectance, p.   The ratio of reflected flux to incident flux. 

Absorptance, q.   The ratio of absorbed flux to incident flux. 

Transmittance, T.   The ratio of transmitted flux to incident flux. 

Internal Transmittance, T.   The ratio of the radiant flux reaching the exit surface to 

the flux which leaves the entry surface of a transparent body. 



Emittance. c.   The ratio of the radiant exitance of a body at a given temperature to that 

of a blackbody radiator at the same temperature. 

Reflectivity, p, p,,,,   The reflectance of a specimen that has an optically smooth surface 

and is thick enough to be opaque. 

Absorptivity, a, Oa,.   The absorptance of a specimen that has an optically smooth sur- 

face and is thick enough to be opaque. 

Emissivity, e, €<».   The emittance of a specimen that has an optically smooth surface 

and is thick enough to be opaque. 

Reflectance Factor, R.   The ratio of the flux reflected by a specimen under specified 

conditions of irradiation and viewing to that reflected by the ideal completely re- 

flecting, perfectly diffusing surface, identically irradiated and viewed. 

For each of the four thermal radiative properties it is necessary to specify the 

wavelength conditions and the geometrical conditions applicable to the property. 

e.   Wavelength Descriptor 

The only wavelength descriptor that is applicable to this report is the term 

"spectral".   Used as a modifier for a thermal radiative property it means as a function 

of wavelength.   For example, spectral transmittance means transmittance as a function 

of wavelength and is designated as T(X) .   Used in the context of a condition, the concept 

spectral means for a very narrow band of wavelength and is also referred to as mono- 

chromatic. 

f.   General Geometrical Descriptors 

Figure 1 shows the general case of reflection at a surface and indicates the 

necessary geometric parameters required to fully describe the incident and reflected 

fluxes.   The beams representing the incident and viewed flux are described by the zenith 

angles for 9 and 6' and by the beam solid angles a) and co'.   The longitudinal angles 4» 

and ^ relate the axes of the beams to each other and some reference line on the spec- 

imen; as a practical matter very few measurements so specify this angular descriptor. 

It is v'^e convention in this report to distinguish three sets of general conditions as 

follows: 

Normal - Conditions for incidence and/or viewing through a solid angle u; or co'. 
normal to the specimen; that is 6 or 9' < 15°. 

.  . 



Figure 1.   Geometric parameters dt^criptive of reflection from a surface.   6 is 
the zenith angle, or colatitude, in degrees; ♦ is the azimuthal angle, 
or longitude, in degrees; oois the beam solid angle, in steradians; and 
the symbol ' refers to viewing conditions. 

Angular - Conditions for incidence and/or viewing through a solid angle 
co or cü' at some direction specified by 6 or 9' ^ 15° 

Hemispherical - Conditions for incidence and/or viewing of flux over a hemispher- 
ical region; that is w or oj' = 2tr 

The descriptors normal and angular do not fully describe the geometric conditions; Cü 

and/or co' and 6 and 6' must be provided to fully specify the geometry. 

g.   Present Classification Scheme 

In the classification scheme used in the data section of this report, reflectance, 

absorptance, and transmittance subproperties are grouped geometrically by incidence 

conditions and emittance is grouped by viewing conditions. 

For absorptance, transmittance, and reflectance, hemispherical means the 

radiation is incident over a hemisphere,  i. e., Cü = 2tr, while normal means 9 < 15° and 

angular means 0 ^ 15°.   For emittance, hemispherical means u)' = 2tr, normal 6' < 15°, 

and angular 6' ^ 15°. 

h.   Symbolic Representation 

The various subproperties are expressed according to the following convention. 

The symbols for the four primary properties c • p, a, and T have already been presented. 



The geometric (incidence and viewing conditions) and wavelength descriptors, in that 

same order, are symbolically represented within the parentheses being separated by 

semicolons,   The most general case would be (using reflectance as an example): 

pO, $>, uiiB', *', tt>';X) 

where the wavelength descriptor, X, used in this report has previously been defined. 

As a practical matter not all the designations are always needed and many are 

omitted for convenience sake; usually *and $' are not used and, of course, for emittance 

and absorptance, the incidence and viewing geometry symbols, respectively, are not 

applicable. 

It should be noted that for the subproperties of emittance and absorptance, only 

one geometric descriptor is required to designate the conditions of viewing and incidence, 

respectively.   For the subproperties of reflectance and transmittance, two geometric 

descriptors are required since both incidence and viewing conditions need to be specified. 

2.3.   Interrelations Between Thermal Radiative Properties 

All matter is continually emitting radiant energy as a result of the thermal 

vibration of the particles (electrons, ions, atoms, and molecules) of which it is com- 

posed.   This process is called thermal radiation, and the radiant energy so emitted is 

called thermal radiant energy. 

Each solid body is not only continually emitting thermal radiant energy, but it 

is also continually being bombarded by radiant energy from its surroundings, some of 

which is absorbed.   The net rate of heat transfer by radiation to or from the body is equal 

to the difference in the rates of emission and absorption.   Hence, the properties of the 

body that influence these rates are called thermal radiative properties. 

When a body is irradiated, part of the incident radiant energy is reflected, part 

is absorbed, and the rest is transmitted.   Nothing else can happen to it.   The incident 

flux, $., is equal to the sum of the reflected flux, $r, the absorbed flux, <{> , and the 

transmitted flux, $.: 

$i = *r+*a+4>t (2.3-1) 

This is an example of the Law of Conservation of Energy. 

The reflectance, p, is the ratio of reflected flux to incident flux;  the absorptance, 

a, is the ratio of absorbed flux to incident flux; and thf transmittance, T, is the ratio of 

transmitted flux to incident flux.   Dividing both sidev of eq. (2.3-1) by $. gives 

— . __  , 
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l=p + a+T (2.3-2) 

For opaque materials, T = 0, heme for such materials 

p + a=l       (T=0) (2.3-3) 

Kirchhoff s law states that the absorptance is equal to the emittance 

a = e (2.3-4) 

Thus, for an opaque material 

p+ c =1 (2.3-5) 

and the thermal radiative properties of an opaque body are fully described by either the 

reflectance or the emittance.   However, there are certain restrictions that apply to eqs. 

(2.3-2) through (2. 3-5).   They are restricted by the geometric and wavelength distri- 

bution of the reflected and emitted radiant energy.   Considering the geometric distribution 

only, for opaque specimens 

a(e, w) = 1 - p(e, oo; 2ff) (2.3-6) 

where 9, to are the same for a and o, and 

€(6', «•) =a(e, w) (2.3-7) 

where 6=6' and w = to'.   Equation (2.3-6) was derived on the basis of conservation of 

energy.   Incident radiant energy that is not reflected must be absorbed and eq. (2.3-7) 

is a statement of Kirchhoff's law.   Equations (2.3-6) and (2.3-7) can be used to convert 

one type of data (subproperty) to another.   If normal emittance data are not available, 

for instance, normal absorptance or normal hemispherical reflectance can be used to 

compute the desired values. 

The variation of the thermal radiative properties with temperature, wavelength, 

and geometric conditions (including polarization) of irradiation and viewing poses certain 

restrictions on eqs. (2.3-2) through (2.3-5).   For eqs. (2.3-2) and (2.3-3) to be valid, 

a, p, and T must be evaluated under the same conditions, which means that the temper- 

ature of the specimen must be the same, and the spectral composition, direction, solid 

angle, and degree and direction of polarization of the incident radiant energy must be 

identical, and all of the reflected and transmitted radiant energy must be measured. 

Kirchhoff's law, eq. (2.3-4), is derived for the condition that the specimen is 

irradiated in a blackbody cavity with walls at the same temperature as the specimen, 

which means that the specimen is uniformly irradiated over a hemisphere with unpolar- 

ized radiant energy having the spectral distribution of that of a blackbody radiator at 
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the temperature of the specimen.   However, it can be proved that eq. (2.3-4) is also 

valid for the two conditions:  (1) any solid angle less than a hemisphere if the direction 

and solid angle of the incident beam for the absorption evaluation is identical to the di- 

rection and solid angle (but opposite in sense) of the emitted beam for the emittance 

evaluation, and (2) for plane-polarized radiant energy with the plane of polarization at 

any given angle to the plane of measurement, provided that it is the same for the incident 

radiant energy for the absorption evaluation and the emitted radiant energy for the emit- 

tance evaluation.   Even with these modifications, eq. (2.3-4) applies strictly only provided 

the spectral composition of the incident radiant energy for the absorptance is that of black- 

body radiant energy at the temperature of the specimen.   This would appear to impose 

a severe restriction on the general applicability of eq. (2.3-5).   However, it can also 

be shown that eq. (2.3-4) applies to any small wavelength band, as well as to total black- 

body radiant energy.   The properties of reflectance, absorptance, and transmittance 

do not vary with the amount of incident radiant energy until very high flux densities are 

reached.   Within the narrow wavelength band used in measuring spectral thermal radi- 

ative properties the spectral distribution of radiant energy from almost an, thermal source 

is approximately the same as that from a blackbody radiator at the temperature of the 

specimen.   Also, polarization effects are completely absent for normally incident radiant 

energy and are negligible at angles near the normal.   Hence eqs. (2.3-4) and (2. 3-5) 

can be considered valid for normal spectral properties and can be used to convert normal 

hemispherical reflectance to normal emittance with but little error. 

2.4.   Fresnel Equations for Specular Reflection 

When an electromagnetic wave in vacuum is incident on the plane surface of an 

optically homogeneous specimen, interaction of the wave with the material of the spec- 

imen will occur.   The electrical and magnetic properties of the specimen will be different 

from those of the vacuum, and as a result, there may be a change in the direction of 

propagation of the wave, its velocity, amplitude, wavelength, and phase, and it may be 

separated into two portions, one reflected and one transmitted.   The transmitted portion 

will be partially or totally absorbed.   The only property of the wave that never changes 

is its frequency. 

Similar changes in the wave will occur whenever it is incident on an interface 

between two media of different properties.   The changes can be computed from the prop- 

erties of the material, or the differences in properties on the two sides of the interface, 

and from the direction of propagation of the wave relative to the interface and the direc- 

tion of its plane of polarization relative to the plane containing the direction of incidence 

and the nornial to the interface at the point of incidence. 
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The optical properties describe the interaction of an electromagnetic wave with 

matter in terms of phase and amplitude, while the thermal radiative properties describe 

the energy transfer during the interaction.   It is obvious that the two types of properties, 

optical and thermal radiative, are related.   In some cases the relationships are simple. 

One situation in which the relation is not simple is that for the general case of 

a wave incident on an interface.   By solving the Maxwell equations for the boundary con- 

ditions, the Fresnel relations for specular reflection can be derived.   The specular 

reflectance at the interface (fraction of incident flux reflected in the direction of mirror 

reflectance) is given as [see pp. 17 and 18 of A00012] 

p(e)=Q2^p2-2Qcos6^c082e (2.4-i) 
8 Q2 + p2 + 2Q cos 9 + cos« e 

P («. p.« a*LPi^a»iaAaaiiitsLiaaii (2.4-2) 
P 8      Q2 + p2 + 2Q sin 8 tan e + sin2 6 tan2 6 

where 

1/2 
2Q2 = [(n2 - k2 - sin2 G)2 + 4n2k2]       + (n2 - k2 - sin2 6) (2.4-3) 

1/2 
2P2 = [(n2 - k2 - sin2 Ö)2 + 4n2k2l        - (n2 - k2 - sin2 6) (2.4-4) 

The angle 6 is the angle between the incident ray and the normal to the interface, p   is s 
the reflectance for plane-polarized incident radiant energy with its plane of polarization 

normal to the plane of incidence (the plane containing the incident ray and the normal 

to the interface at the point of incidence), p   is the reflectance for plane-polarized in- 

cident radiant energy with its plane of polarization parallel to the plane of incidence, 

n is the refractive index, and k is the absorption index. 

If the incident radiant energy is completely unpolarized 

p(e) =|[ps(e) + pp(e)i. (2,4-5) 

For an opaque material the directional absorptance can be found and using 

Kirchhoff's law, eq. (2.3-4), the directional emittance can be found for the polarized 

components 

€8(8) =a8(e) =l-p8(e) (2.4-6) 

€p(e) =0^(6) =l-pp(8) (2.4-7) 
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and also for unpolarized light 

€{6) =a(d) = 1 - p{d) (2.4-8) 

The Fresnel eqs. (2.4-1) and (2.4-2) have been expressed in terms of n and 

k, but the relations are found in various forms in the literature.   The simplest case 

occurs for normal incidence (6 = 0), where the equations reduce to 

Pp(0)=ps(0) (2.4-9) 

and 

Q = n      P=k (2.4-10) 

Hence, for radiant energy incident from vacuum or a medium of index of refraction of 

1, 

p(0)=llLz_lU±tf (2.4.!!) 
(n+ 1)2+ k2 

2.5.   Thermal Radiative Properties of Metals 

a.   General Behavior 

The general behavior of the thermal radiative properties of metals is shown in 

Figure 2.   For thicknesses greater than several hundred angstroms, metals are opaque, 

that is, they show zero transmittance for all wavelengths.   The reflectance rises in the 

region of 1-2 ßm to a large value which has a slightly increasing s'ope.   The emittance 

and absorptance decrease rapidly in the region of 1-2 ^m reaching a low value with a 

slight negative slope. 

b.   Classic 'I Free-Electron Theory 

The theoretical models for ideal metallic surfaces leads to help in predicting 

some thermal radiative properties. 

The earliest attempts to predict the optical properties of metals were made by 

Lorentz, Drude [T20117], Kronig [A00023], and Mott and Zener [A00022], who assumed 

the metal to contain electrons which were essentially free to move under the influence 

of the electric field induced by the incident electromagnetic wave.   These free electrons 

are the valence electrons in the outer shell of the atoms constituting the metal.   When 

the wave is incident upon its surface, an oscillating electric field parallel to the surface 

is induced in the metal and the free electrons will oscillate under the influence of this 

field at the frequency of the incident wave.   There is a phase difference between the 
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Figure 2.   Typical behavior of thermal radiative properties of metals. 
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oscillation of the electrons and that of the field, caused by a viscous damping force 

arising from collisions between accelerated electrons and the atomic lattice.   To des- 

cribe the optical behavior of the material requires two parameters:  the number density 

of free electrons, N, being excited by the induced field, and the average time (relaxa- 

tion time, T) between collisions of the electron with the atomic lattice.   These two 

parameters can be estimated from the number of valence electrons per unit volume, 

the electrical conductivity and the assumption of a spherical Fermi surface.   This is 

called the Drude Free Electron model, and is shown in Table 1 expressing the complex 

dielectric constant, K*, as a function of the two parameters N and r.   See the List of 

Symbols for the meaning of other symbols. 

If the phase change arising from electronic collisions can be neglected, the model 

describing the optical behavior of the material is greatly simplified.   Tl is situation occurs 

when the relaxation time is zero or when the time between electronic collisions is much 

less than the period of the induced electric field.   For this condition, the optical behavior 

can be completely described by one material parameter - the dc electrical resistivity, 

r.   Table 1 presents the resulting model for the complex dielectric constant, labeled 

the Simplified Drude Free Electron model. 

This simplified model for the optical constants serves as the basis for relations 

used to compute the thermal radiative properties of materials from knowledge of the 

electrical resistivity (or conductivity) -as a function of temperature.   If the appropriate 

relation between the complex dielectric constant, K,;:, and € (0; X) is used with the sim- 

plified Drude model, the normal spectral emissivity can be expressed as a function of 

the electrical resistivity, r, in^he series form 

€(0; X) =0.365(r/X)1/'2 - 0.0464(r/X) + ... (2.5-1) 

Table 1.   Classical Models for the Optical Properties of Metals (MKS Units) 

Drude Free Electron.   Assumes the jruuc rice dicuiiuu.     rtooi.uin.-B mc • 1 x    I \/\   \ 
metal contains free electrons which j,,., _ j _ (£)        J       ^     x  = 2« T 
are subjected to an oscillating elec- '        \Xfl/  i4./\A\i I/O 
trie field and a viscous damping 1    l*/A*' j-ffmc^-i 
force proportional to the velocity XQ ■    1 
of the electrons arising from col- q2 N 
lisions between accelerated electrons 
and the atomic lattice. 

Simplified Drude Free Electron. 
Drude theory valid for long wave- 
lengths where currents in the metal J c€0r 
are in phase with electric field. 

K^ = -j 



16 

where the units are r(ohm-m) and X(m).   This celfibrated relation is frequently referred 

to as the Hagen-Rubens relation. 

From the above ciscussions, the assumptions used to derive this basic model 

limit the Hagen-Rubens  -elation co long wavelengths (usual?   beyond 10 ßm) and high 

temperatures for meta's in which the electronic structure can be approximated by one 

class of free electrons as the current carriers.   This relationship has found extensive 

use in engineering applications. 

An equation that can be used for the short wavelength region is developed by 

introducing a resonant wavelength into the denominator 

€(0;x)=A'(^)        +tf(-JLj.)+... (2.5-2) 

where A' and B* are adjustable parameters.   For metals, the resistivity is connected 

with temperature as 

r =r0 [1 + ^(T - 293)] (2.5-3) 

where r0 is the resistivity of the metal at 293 K and /9 is the temperature coefficient of 

the resistivity.   Alternatively, the resistivity can be connected to the temperature by 

means of a power series 

r = A' +B' T+C' T2+D' T3 (2.5-4) 

Using eq. (2.5-3) in eq. (2.5-2), the Hagen-Rubens equation becomes 

t(0,x) ' A . B [1 ^-T^2!l3)]1/2 *C H1 - "»T'] " D ['' T-'^T <2-5-5> 
where A, B, C, D, and X0 are adjustable parameters.   By finding the normal spectral 

emittance, the normal spectral absorptance and reflectance can be computed from 

Kirchhoff s law, i.e., 

a(0,X) =€(0,X) (2.5-6) 

and then, since c metal is opaque, the reflectance can be found from 

p(0,2ff,X) =1 -a(0,X) (2.5-7) 

c.   Non-Ideal Surfaces 

The preceding discussion of the theoretical models used to predict radiative 

properties applied to ideal surfaces. 
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It has been understood for many years that the surface condition of metallic 

specimens plays a dominant role in the magnitude of the radiative properties.   The lit- 

erature abounds with examples of test surfaces shown to be very sensitive to methods 

of preparation, thermal history, and environmental conditions.   Despite this awareness, 

descriptions of test surfaces are generally inadequate because of our modest understand- 

ing of the important mechanisms of real surface effects and how to properly characterize 

a surface. 

Topographical, chemical, and physical (structural) characteristics all influence 

the properties of the metallic surface.   The topographical characteristics describe the 

profile or geometry of the surface - the boundary between the material and the surround- 

ing medium.   The chemical characteristics describe the composition of the surface layer 

including such features as inhomogeneities and contaminants.   The physical character- 

istics describe the structure of the surface such as crystal lattice orientation, particle 

size, strain, and other features which might affect the radiant energy exchange process. 

To isolate the individual surface characteristics as outlined is a difficult task. 

For most materials it is not practical to alter one characteristic without causing an 

influence on another.   The control of the many variables required to study surface char- 

acterization in a logical manner is a complex problem.   As a result only the simplest 

of surface profiles or compositional effects have been studied or are understood. 

The most important influences on the radiative properties of metals arise from 

surface roughness and films (oxide growth).   The effect is most pronounced on the spec- 

tral radiative properties when the characteristic profile variation or film thickness is 

of the same order as the wavelength of interest.   For some situations a thin dielectric 

film has a more significant influence on emittance properties than does surface rough- 

ness of the same dimension.   These changes in spectral properties are also apparent 

as changes in angular distribution of reflected or emitted energy. 

The influences of surface characteristics - topographical, chemical, physical - 

can be considerably dependent upon the energy spectrum of importance to the radiative 

property of interest.   For example, the description of a surface for use as a room tem- 

perature absorber (5 <X <40 jjm) will be quite different from that for a solar absorber 

(0. 25 < X <4 jjm).   Also the techniques required to study each will be quite different. 

The profiles of real metal surfaces are always shown as irregular patterns of 

peaks and valleys.   Various parameters are in common use to describe the topography 

of a surface including RMS (root mean square) height, CLA (center line average) height, 
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lay, average slope, height distribution, etc. [A00021, T36500, A00020] .   Such parameters 

are obtained primarily from stylus-type profilometers and to some extent from interfer- 

ometry techniques. 

The effect of surface roughness on the optical properties of materials was first 

studied by Lord Rayleigh, but only rec atly has this problem been of intense interest. 

If the size of the irregularities is of the order of the wavelength or larger, the interac- 

tion can be described by geometrical optics 1T33896].   in this case, the facets of the 

surfaces reflect in various directions, and t'.ie properties/orientation of the facets must 

be described by some statistical process in order to explain the optical behavior of the 

surface.   If, however, the surface irregularities are much smaller than the wavelength, 

the optical behavior can be explained by diffi action phenomena. 

The diffraction problem was originally studied by Rice | A00019] and Davies IA00018] 

and their work was extended and experimentally verified by Bennett and Porteus [T45929]. 

Their expression for the relative reflectance ratio of the rough, p, to smooth, p0, sur- 

face at normal incidence is given as 

-2- - exp [-(4my/X)2l +32^ (a/X)4 (Ae)2/:m (2.5-6) 
Po 

where a is the RMS roughness, m is the RMS slope, and A6 is the half angle of acceptance 

of the optical system.   The first term represents the coherently or specularly reflected 

fraction and the second term the incoherent or diffusely reflected term.   The second 

term is shown proportional to (cr/X)4, and hence for longer wavelengths and smoother 

surfaces the first term predominates. 

2.6.   Thermal Radiative Properties of Nonmetallic Solids 

a.   General Behavior 

The typical behavior for a nonmetallic solid which is transparent with little 

scattering is shown in Figure 3.   The transmittance rises sharply in the region of 1-2 

^im to a large constant value and drops sharply towards zero in the 8-9 (fln region (the 

use of the 1-2 ppn range and the 8-9 j^m range is done only for illustrative purposes). 

Since the reflectance is of the order of 10/6 and decreases slowly in the entire range of 

interest, the emittance and absorpta.   <J show a behavior as if the transmittance were 

rotated 180° about the wavelength axis.   The emittance decreases sharply in the 1-2 ym 

region, stays at a constant but low level and in the 8-9 ^m region rises sharply to a level 

near 1.0. 



19 

WAVELENGTH, /im 

WAVELENGTH, fim 

WAVELENGTH, fim 

Figure 3.   Typical behavior of thermal radiative properties of a transparent 
non-scattering nonmetallic solid. 
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b.   Partially Transparent Material - Multiple Reflection Model 

The simplest of the models to deal with the partially transparent nonscattering 

materials was developed by IIcMahon [T20468].   The theory is limited to only the passage 

of radiant energy normal to the surface but is useful to the very common problem of inter- 

pretation of reflectance or transmittance spectra of a partially reflecting slab sample. 

Kirchhoff's law in its simplest form relates the spectral emissivity to spectral 

reflectivity of an opaque material as 

€(X.T) =1-p(X,T) (2.6-1) 

For a body which is partially transparent because of its low absorption coefficient and/or 

thickness. Kirchhoff's law cannot be applied directly.   Recall that the law derives from 

the existence of an energy balance between the emission and absorption of a body in ther- 

mal equilibrium within a uniformly heated enclosure.   When the body is opaque, the inci- 

dent flux is absorbed or reflected.   If the body is partially transparent, the incident flux 

is absorbed and a significant fraction appears as reflected and transmitted flux after 

having undergone many internal reflections.   For the general expression of Kirchhoff's 

law it is necessary to include the influence of transmittance. 

McMahon shows the three measurable quantities emittance, reflectance, and 

transmittance are related to the single surface reflectance, R, and the internal trans- 

mittance, T, by the following expressions 

g(X) = [i-RU)] ti-T(X)) (26.2) cU'        [l-R(X) T(X)] U'b ^ 

p(X)=R(X)[l + IÜ^ikRiXni] 
L 1-R2(X) T2(X)   J U•6",J, 

T(X)=T(X)  tl~R^2 (2.6-4) 
[1-R2(X) T«(X)] 

The summation of these three equations is unity: 

c(X)+p(X)+T(X) =1 (2.6-5) 

and this expression is the extension of Kirchhoff's law to partially transparent bodies. 

Also, the results for c, p, and r can be understood by considering a collimated 

beam of radiant flux incident normally on a semitransparent slab of thickness d and com- 

plex index of refraction n*.   The incident flux upon first striking the interface is partially 

reflected and the balance passes through the interface.   The reflected portion 
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R is computed from the Fresnel relations for normal incidence conditions 

R = (|r^J (2.6-6) 

It is important to recognize that this reflectance, R, is based upon a single reflection. 

The remaining flux that passes through the interface will traverse the thickness of the 

slab while being absorbed and eventually reach the back side.   In the course of travers- 
-ad ing the thickness of the slab, the radiant flux is diminished by a factor e      , where a 

is the absorption coefficient and d is the specimen thickness.   It is convenient to define 

the internal transmittance, T, as 

T = e'ad (2.6-7) 

which is the transmittance (frequently referred to as the transmissivity) within the 

material and is not afiected by or inclusive of interface influences.   Of the original flux 

striking the slab, the fraction (1 -R)T has reached the near side of the slab upon first 

traversing the slab thickness.   At this near interface, a fraction R is reflected and the 

balance passes through.   This process of multiple reflection at the interfaces and tra- 

versing of the thickness must be considered to determine the overall transmittance and 

reflectance of the slab.   Figure 4 represents the multiple processes occurring, giving 

the results 

p = R[1+Tiü_LRi!l (2.6.8) 
L 1 - R2T2 J 

T=Triizjiüj (2.6.9) 
Ll - R2T2J 

In terms of the single surface reflectance, R, absorption coefficient, a, and 

thickness, d, the relations are 

(1-R)2e"ad 

p^+^'V*/] ,2.6-U, 
L        1 - R2 e Zaa  J 

c.tt.U-BLÜ^ä (2.6.12) 
1 - R e"30 

The above equations hold for k « n where k is the absorption index (a = 41fk/X). 
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Figure 4.   The reflectivity and transmissivity of a semitransparent slab. 

A special case of the eqs. (2.6-10) through (2.6-12) is for the case of zero 

absorption (a "• 0).   In that case 

e =a= 0 

2n 
T = 

n2+ 1 

(2.6-13) 

(2.6-14) 

-(°-l)2 

n2+ 1 
(2.6-15) 

The extension of eq. (2.6-10) that holds for k not being less than n is [p. 14 of 

A000241 

(1-R)2 6-^(1 + ^) 

T = 
1 - R2 e -2ad 

c.   Kodak Scheme 

Kodak has a method of calculating absorptance and reflectance from transmittance 

and refractive index data [E62600].   The energy impinging on a transparent slab is broken 

up into a reflected and transmitted beam.   This is continued for three passes and the 

components added.   The analysis is carried out in terms of the loss value factor, K, 

from which reflectance and absorptance are calculated.   The value of the loss value factor 

in terms of the measured transmittance, T, and the single surface reflectance, R, is 
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^.l-T-gMl-R^R«) (2>6_16) 

1 - 2R + 4R2 

and 

p=R[l + (l + K)2 (1-R)2] (2.6-17) 

a=€ =< {1 - KR) (2.6-18) 

d.   Polymers 

Pregelhof, Franey, and Haas fT77125] use a one-dimensional model for polycarbonate 

plastics, and assuming uniform properties, the emittance c(X), absorptance a(X), trans- 

mittance T(X) , and reflectance p(X) of a polymer sheet can be derived as follows. 

c(X) = a(X) _(1-R) [il±31 sinhad-Kl-R) (coshad-1)] (2.6-19) 
(1 +R2) sinh ad + (1 - R2) cosh ad 

T(X). iiimi  
(1 + R2) sinh ad 4 (1-R2) cosh ad 

(2.6-20) 

p(X) = 2R[R sinh ad + (l-R) cosh ad] (2>6_21) 

(1+R2) sinh ad+ (1 - R2) cosh ad 

where R = (n- l)2/(n+1)2 and n is the refractive index, d is the thickness of the sample, 

and a is the absorption coefficient. 

For the polycarbonate plastic bulk materials, it can be assumed that 

ead»R2e~ad (2.6-22) 

which enables eqs. (2.6-19) through (2.6-21) to become the following: 

€(X) =a(X) ^(1-R) [1- (1-R) e"^- Re"2ad] (2.6-23) 

T(X) s:(l-R)2e ^ (2.6-24) 

p(X) ^R [1+(1-2R) e"2ad] (2.6-25) 

In a wavelength region when the material becomes opaque, i. e., 7 = 0, the 

absorptance can be obtained from 

a(X) 2M1-R) 
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3. DATA EVALUATION AND GENERATION OF RECOMMENDED VALUES 

As a result of comprehensiv»! search of literature, numerous research documents 

of interest to this program are uncovered.   These documents are procured and studied, 

from which pertinent data are extracted, scrutinized, organized, key-punched, homo- 

geneously tabulated, and plotted in huge working graphs readied for data analysis and 

synthesis.   The information on specimen characterization and measurement methods 

and conditions is recorded in a table specially designed for recording measurement in- 

formation, which includes (to the extent provided in the original source document) the 

following: 

(1) Purity, chemical composition, dopant concentration, carrier concentration, 
defect concentration. 

(2) Type of crystal, crystal axis orientation. 

(3) Microstructure, grain size, inhomogeneity, additional phases. 

(4) Specimen shape and dimensions. 

(5) Method and procedure of fabrication. 

(6) Manufacturer and supplier, stock number, catalog number. 

(7) Heat, mechanical, irradiative, and other treatments. 

(8) Surface conditions. 

(9) Film thickness and substrate material. 

(10) Test environment, degree of vacuum or pressure. 

(11) Experimental method used in the measurement. 

(12) Reference standard used in data observation or reduction. 

(13) Form in which data are presented in the original source document other 
than tabular data. 

(14) Other pertinent remarks. 

Due to the difficulties in accurate measurement of thermal radiative properties 

of materials and in exact characterization of test specimens and surface conditions, the 

available experimental data extracted from various research documents are usually widely 

divergent and subject to large uncertainty.   Data evaluation and analysis is therefore* 

very important.   The procedure involves critical evaluation of the validity and reliability 

of the data and related information, resolution and reconciliation of disagreements in 

conflicting data, correlation of data in terms of various controlling parameters, curve 

fitting with theoretical or empirical equations, comparison of results with theoretical 

predictions or with results derived from theoretical relationships or from generalized 

empirical correlations, etc.   Besides critical evaluation and analysis of existing data. 
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theoretical methods and semi empirical techniques are employed to fill data gaps and 

to synthesize fragmentary data so that the resulting recommended values are internally 

consistent and cover as wide a range of wavelength or temperature as possible. 

Depending upon the level of confidence the data analyst has placed on the values 

and upoi the degree of completeness of characterization of the test material and surface 

conditions for which the values are generated, the values are designated as "recommended 

values", "provisional values", or "typical values".   In this report, all the values gener- 

ated have been properly designated, and the accuracy or uncertainty of the values clearly 

stated. 
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4.   THERMAL RADIATIVE PROPERTIES OF SELECTED MATERIALS 

In each of the following subsections the thermal radiative property datp and 

information for each dependence of each subproperty of each material are presented in 

the following order:   (1) discussion text, (2) table of recommended values, (3) figure 

of recommended curves, (4) figure of experimental data, (5) table of measurement in- 

formation, and (6) table of experimental data. 

In the discussion text, a review and discussion of the available data and information 

for the particular dependence of the particular subproperty of the material is given, to- 

gether with a discussion of the theoretical guidelines and other factors on which the critical 

evaluation, analysis, and synthesis are based and of the considerations involved in arriv- 

ing at the final assessment and recommendations. 

In the table of recommended values, the values are tabulated with small increments 

in temperature or wavelength so that linear interpolation of values is meaningful.   The 

recommended values cover the spectrum from visible region (below 1 fjcm) up to the in- 

frared of 15 fim, whenever possible.   Those values as a function of temperature are, 

whenever possible, tabulated for four particular gas-laser wavelengths:  2.8 ^cm (hydro- 

gen fluoride laser), 3. 8 jim (deuterium fluoride laser), 5.0 ^m (carbon monoxide laser), 

and 10.6 iMm (carbon dioxide laser).   The values may be designated as recommended, 

provisional, or typical values.   The accuracy or uncertainty of the values is stated in 

the discussion text.   In this report, the ranges of uncertainties of recommended, pro- 

visional, and typical values are less than ±15%, between ±15% and ±30%, and greater 

than ±30%, respectively. 

In the figure of recommended curves, experimental data (sometimes selected) 

are also shown as background for comparison.   The curves and data are plotted only 

up to 14 /im, even though the recommended values or available experimental data may 

exist above 14 ixm.   Those values or data above 14 ^m not shown in the figure can always 

be found in the table. 

In the figure of experimental data, similarly, data in the wavelength range above 

14 ^m are not shown.   They are, however, tabulated in the experimental data table. 

Corresponding to each set of data plotted in the figure and tabulated in the experimental 

data table, the information on the specimen characterization and measurement method 

and condition is given in the table of measurement information. 

Since most of the selected materials are not well known, a concise description 

of each of the materials is given at the beginning of each of the subsections. 
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4.1.   Aluminum Alloy 2024 

Aluminum Alloy 2024, formerly known as Aluminum Alloy 24S, is a wrought alloy 

with copper as the principal alloying element.   Its nominal composition (A000051 is (by 

weight) 4.5% Cu, 1.5% Mg, 0.6% Mn, and balance Al. 

Some physical fT15906l and mechanical properties (A00006] of this material are 

as follows:   solidus temperature, 775 K; liquidus temperature, 911 K; specific gravity, 

2.77; tensile (ultimate) strength, 19.0-51.0 kg/mm2; Brinell hardness number (500 

kg load, 10 mm ball), 47-130.   These properties vary over a wide range due to differ- 

ences in applied heat treatments. 

In the heat treated condition, the mechanical properties of this alloy are similar 

to, and sometimes exceed, those of mild steel.   This heat treatment is specified by a 

letter "T" after the 2024 designation.   The "T", followed by the numerals 1-10, inclu- 

sive, designates one specific combination of basic treatments, thus Aluminum Alloy 2024-T4. 

Briefly, these heat treatments are broken down as follows [A00006]: 

Tl   - cooled from an elevated temperature shaping process and naturally aged 
to a substantially stable condition. 

T2   - annealed (cast products only) 

T3   - solution heat-treated and then cold worked 

T4   - solution heat-treated and naturally aged to a substantially stable condition 

T5   - cooled from an elevated temperature shaping process and then artificially 
aged 

T6 - solution heat-treated and then artificially aged 

T7 - solution heat-treated and then stabilized 

T8 - solution heat-treated, cold worked, and then artificially aged 

T9 - solution heat-treated, artificially aged, and then cold worked 

T10 - cooled from an elevated temperature shaping process, artificially aged, 
and then cold worked. 

Each of these thermal treatments [A00005] has a unique effect on the mechanical 

properties of the alloy.   The symbol does not define the time and temperature of the ther- 

mal treatments; the details of the practice may be varied as desired or convenient if the 

end result as expressed by specified mechanical properties is unchanged.   Should varia- 

tion of the same basic operation be applied to the same alloy, resulting in different char- 

acteristics, other digits are added to the basic designation (Aluminum Alloy 2024-T81 

or Aluminum Alloy 2024-T851).   The second and third numbers in the heat treatment 

designation are arbitrary numbers, generally having no logical significance.   With the 
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older nomenclature the specific heat treatments were not catalogued as above.   An alloy 

may be described as Aluminum 24S-T, where the T only means that the material was 

tempered to a stable condition. 

This alloy does not have as good corrosion resistance properties as most other 

aluminum alloys and under certain conditions may be subjected to intergrannular corro- 

sion.   Therefore, it is widely used in the clad, anodized, or alodined states.   In the clad 

[A000061 state the 2024 Aluminum Alloy is protected from corrosion by a thin surface 

of pure metal or an alloy with a higher solution potential than Aluminum Alloy 2024. 

In this report the term alclad was assumed to have meant the cladding material was pure 

aluminum.   The amx.izing [A00005] process involves forming a conversion coating on 

the metal surface by anodic oxidation.   Alodining is also a conversion coating, with the 

coating being some other type of material such as a phosphate or chromate.   These pro- 

cesses greatly increase Aluminum Alloy 2024*8 resistance to corrosion. 

In this report data is actually reported for four different types of Aluminum Alloy 

2024 for different subproperties.   These types are as follows:  Aluminum Alloy 2024 

(either heat-treated or not heat-treated), alclad Aluminum Alloy 2024, alodined Aluminum 

Alloy 2024, and anodized Aluminum Alloy 2024.   The provisional values for alclad Alum- 

inum Alloy 2024 are from theoretical calculations using the relation discussed in subsection 

4.20, based on Eq. (2.5-5), to calculate normal spectral reflectance.   The data given 

for this alodined Aluminum Alloy 2024 is for a chromate conversion coating applied to 

the specimen.   So, likewise, the provisional curves for the alodined specimen are for 

this same chromate coating.   For the anodized specimen, the surface is actually a layer 

of aluminum oxide.   Therefore, the provisional curves are for this same type of specimen. 

No data was located for the following subproperties of aluminum alloy 2024: 

HSE(T), NSE(T), ASE{X), ASE(T), HSR(X), HSR(T), NSR(T), ASR(T), HSA(X), 

HSA(T), ASA(X), andASA(T). 

Data in the data tables also includes data for grooved surfaces of Aluminum Alloy 

2024 for the subproperties ASR(X) and NSR(X) •   These data points are not plotted but 

are included in the report. 

Aluminum Alloy 2024 is perhaps the best known and most widely used aircraft 

alloy. 

a.   Normal Spectral Emittance (Wavelength Dependence) 

There are seven sets of experimental data available for the wavelength dependence 

(0.12-27.0 (jm) of the normal spectral emittance of Aluminum Alloy 2024 under various 
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surface conditions.   These are listed in Table 1-3 and shown in Figures 1-2 and 1-5. 

(1) Highly Polished Aluminum Alloy 2024 

The recommended values listed in Table 1-1 and shown in Figure 1-1 for highly 

polished Aluminum Alloy 2024 were generated from the absorptance data reported by 

Schriempf and Wieting [A00003] and are believed to be accurate to ± lö£ over the entire 

wavelength range at 293 K. 

(2) Highly Polished Alclad Aluminum Alloy 2024 

The recommended values listed in Table 1-1 and shown in Figure 1-3 for highly 

polished alclad Aluminum Alloy 2024 were generated with the relation discussed in sub- 

section 4.20, based on Eq. (2. 5-5), and are believed accurate to ± 10^ at the reported 

wavelength range at 293 K.   These values are consistent with the normal spectral reflec- 

tance data of Grimm and Fannin [A00001] on a similar material.   Provisional values at 

450, 600, and 750 K tabulated in Table 1-1 and shown in Figure 1-3 were calculated with 

the relation discussed in subsection 4.20, based on Eq. (2. 5-5), and are believed accurate 

to ±20^ over the entire wavelength region for a highly polished (ideal) surface. 

(3) Oxidized Aluminum Alloy 2024 

Provisional values at 823 K listed in Trble 1-1 and shown in Figure 1-4 were 

generated from the data of Blau, et al. [T16606] and are believed accurate to ±20^ over 

the entire wavelength range. 
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b.   Normal Spectral Emittance (Temperature Dependence) 

There are no experimental data located in the literature.   The provisional values 
tabulated in Table 1-4 and shown in Figure 1-6 were calculated with the relation discussed 

in subsection 4.20, based on Eq, (2.5-5), for highly polished alclad Aluminum Alloy 

2024 for wavelengths of 2.8, 3. 8, 5.0, and 10.6 /xm.   These values are believed accurate 
to ±20% over the entire wavelength range. 
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c.   Angular Spectral Emittance (Wavelength Dependence) 

There are no data available for this subproperty but the provisional values listed 

in Table 1-5 and shown in Figures 1-7, 1-8, and 1-9 for anodized, alodined (6= 15°), 

and alodined (6=45°) Aluminum Alloy 2024, respectively, were calculated from the angular 

spectral reflectance data (see Section4.1.f).  These values are believed accurate to ± 1J$ 
over the entire wavelength range for the anodized and alodined Aluminum Alloy 2024 (6= 

15°) materials at 293 K.   The provisional values for alodined Aluminum Alloy 2024 (0=45°) 

are accurate to ±20%. 

There are several methods which can be used to produce an anodized surface. 

The angular spettral emittance can vary widely with the anodizing process, i. e., porous 

or hard, secondary treatments such as sealing or dying of the surface layer, and thick- 

ness.   Most of the authors do not clearly specify the nature of the anodizing process or 

surface conditions.   So the provisional values reported in Table 1-5 are applicable only 

to the sulfuric acid anodized surface.   Similarly, there are several alodining processes. 

Depending on this process the angular spectral emittance may vary.   The provisional 

values apply only to the chromate conversion coating used in the references. 
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d.   Normal Spectral Reflectance (Wavelength Dependence) 

There are 47 sets of experimental data available for the wavelength dependence 

(X= 0« 3-25.0 /im) of the normal spectral reflectance of Aluminum Alloy 2024 under var- 

ious surface conditions.   These are listed in Table 1-8 and most of them are shown in 

Figure 1-11.   There are four sets of experimental data available for wavelength depend- 

ence (X= 2.0-15.0 jum) of the normal spectral reflectance of polished alclad Aluminum 

Alloy 2024 shown in Figure 1-13.   Out of the total 47 data sets, 15 sets are for a polished 

material.   Most of the measurements are for wavelengths between 0.3-3.0 jxm. 

(1) Highly Polished Aluminum Alloy 2024 

The recommended values at 293 K listed in Table 1-6 and plotted in Figure 1-10 

are primarily from the investigation of Schriempf and Wieting [A00003] and are believed 

to be accurate to ± 10^ over the entire wavelength range.   These values are consistent 

with the normal spectral emittance measurements of the similar material. 

(2) Alclad Aluminum Alloy 2024 

There are four sets of data for the wavelength dependence (2.0-14.7 jum) of the 

angular spectral reflectance of alclad Aluminum Alloy 2024.   These are shown in Figure 

1-13 and listed in Table 1-8.  The incident angle reported is 15°.   The normal spectral 

reflectance values for an ideal aluminum surface calculated using the relation discussed 

in subsection 4.20 and based on Eq, (2. 5-5) agree extremely well with experimental 

results.   These recommended values are believed accurate to ± 10^ over the entire wave- 

length range.   Tl e provisional values for highly polished alclad Aluminum Alloy 2024 

reported at 450, 600, and 750 K shown in Figure 1-12 and listed in Table 1-6, were calcu- 

lated from the relation discussed in subsection 4.20, based on Eq. (2. 5-5).   These values 

are believed accurate to ± 20$. 

(3) Oxidized Aluminum Alloy 2024 

The provisional values listed in Table 1-6 and shown in Figure 1-14 are for 

oxidized Aluminum Alloy 2024 at 823 K.   These values are consistent with the provisional 

normal spectral emittance values (see Section 4. la).   These values are believed accurate 

to ± 20^. 
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e.   Normal Spectral Reflectance (Temperature Dependence) 

There arc no experimental data available.   The provisional values listed in Table 

1-9 and shown in Figure 1-15 are from the relationship discussed in subsection 4.20 

and based on Eq. (2. 5-5) for highly polished alclad Aluminum Alloy 2024 assuming that 

aluminum is the cladding material for wavelengths of 2. 8, 3.8, 5.0, and 10.6 jjm.   These 

values are believed accurate to ±20%. 
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f.   Angular Spectral Reflectance (Wavelength Dependence) 

There are 191 sets of experimental data for various surface conditions of Aluminum 

Alloy 2024.   Of these sets 111 are for grooved surfaces by Zipin (T39074I which are 
included in the report as additional information.   The analysis includes two types of Alu- 
minum Alloy 2024, anodized and alodined. 

There are seven sets of experimental data for anodized Aluminum Alloy 2024 and 

four sets of experimental data for alodined Aluminum Alloy 2024, both with the angle of 

incidence equal to i50.   For the alodined Aluminum Alloy 2024, there is one set of ex- 

perimental data available for an incidence angle of 45°. 

(1) Anodized Aluminum Alloy 2024 

The experimental data sets are shown in Figure 1-17 and listed in Table 1-12. 
The provisional values for temperature 293 K are given in Table 1-10 and shown in Figure 

1-16 and are considered accurate to within ± 15^ over the entire wavelength range at 293 K. 

These values show the absorption peaks near wavelengths 0.8, 2. 9, 6.0, 9.9, and 11.0 /im 

and these values are considerably lower than those for polished alclad Aluminum Alloy 

2024 and alodined Aluminum Alloy 2024 for wavelengths above 5. 5 jjm.   These provisional 

values apply only to the surface conditions cited in references, see Section 4.1c. 

(2) Alodined Aluminum Alloy 2024 

The experimental data sets are shown in Figure 1-19 and listed in Table 1-12 for 

an incidence angle of 15°.   The provisional values at 293 K, shown in Figure 1-18 and listed 

in Table 1-10 are primarily from the investigations of Grimm and Fannin [A00001].   These 

are considered accurate to within ±15^ over the entire wavelength range.   These values 

show absorption peaks near wavelengths 3.1 and 4.8 ^im.   The experimental data set is 
shown in Figure 1-21 and listed in Table 1-12 for an incidence angle of 45°.   The pro- 

visional values of angular spectral reflectance from the investigation of Grimm and Fannin 
[A00001] are accurate to within ±20^ over the entire reported wavelength range.   These 

values also show absorption peaks near wavelengths 3.1 and 4.8 /im.   The provisional 

values apply only to the surface conditions cited in references, see Section 4.1c. 
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g.   Angular Spectral Reflectance (Incident Angle Dependence) 

Room temperature values of the angular spectral reflectance for wavelengths 

1.2 ^m and 1. 8 ^n as a function of incidence angle are listed in Table 1-14 and shown 

in Figure 1-22. 
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h.   Normal Spectral Absorptance (Wavelength Dependence) 

There are two sets of experimental data available for the wavelength dependence 

(2. 53-20.0 /xm) of the normal spectral absorptance of Aluminum Alloy 2024 for polished 

surface conditions.   These are listed in Table 1-17 and shown in Figure 1-24. 

(1) Highly Polished Aluminum Alloy 2024 

The recommended values at 293 K listed in Table 1-15 and shown in Figure 1-23 

for highly polished Aluminum Alloy 2024 were generated from the measurements of 

Schriempf and Wieting [A00003] and are believed accurate to ± 10^ over the entire wave- 

length range. 

(2) Highly Polished Alclad Aluminum Alloy 2024 

The recommended values at 293 K are listed in Table 1-15 and shown in Figure 

1-25 for highly polished alclad Aluminum Alloy 2024.   These values were generated with 

the relationship discussed in Section 4.20, based on Eq. (2. 5-5), and are believed accu- 

rate to ± 10^ over the entire wavelength range.   The provisional values for highly polished 

alclad Aluminum Alloy 2024 were calculated for temperatures of 450, 600, and 750 K by 

the relationship discussed in Section 4.20, based on Eq. (2. 5-5), are listed in Table 

1-15 and shown in Figure 1-25 and are believed accurate to ±20^ over the entire wave- 

length range. 

(3) Oxidized Aluminum Alloy 2024 

The provisional values are listed in Table 1-15 and shown in Figure 1-26 for 

oxidized Aluminum Alloy 2024 at 823 K.   These values are consistent with the normal 

spectral emittance values of Blau, et al. (T16606J and are believed accurate to ±20^ over 

the entire wavelength range. 
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i.   Normal Spectral Absorptance (Temperature Dependence) 

There are two sets of experimental data available for the temperature dependence 

(325-593 K) of the normal spectral absorptance of Aluminum Alloy 2024.   These are 

listed in Table 1-20 and shown in Figure 1-28.  This available data was not sufficient to 

generate recommended values, but values were calculated by the relation discussed in 

subsection 4.20, based on equation (2.5-5), for highly polished alclad Aluminum Alloy 

2024 for wavelengths of 2. 8, 3. 8, 5.0, and 10.6 jim.   These values are believed accurate 

to ±20% over the entire wavelength range and are listed in Table 1-18 and shown in 

Figure 1-27. 
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j.   Angular Spectral Absorptance (Wavelength Dependence) 

There are no experimental data available for this subproperty but provisional 

values are listed in Table 1-21 and shown in Figures 1-29, 1-30, and 1-31 for anodized, 

alodined (6 = 15°), and alodined (9 = 45°) Aluminum Alloy 2024, respectively.   These 

were calculated from the provisional angular spectral reflectance data listed in Table 1-10 

and shown in Figures 1-16, 1-18, and 1-20.   The values are believed accurate to ±15^ 

over the entire range for the anodized and alodined (6 = 15°) Aluminum Alloy 2024 mater- 

ials at 293 K.   The alodined (6 = 45°) Aluminum Alloy 2024 provisional values are accur- 

ate to ±20^.   These values apply only to the surface conditions cited in references, see 

Section 4.1-c. 
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k.   Transmittance 

Although it is true that metals and alloys in the form of extremely thin films may 

be transparent for a wide wavelength range, they are opaque if the thickness is greater 

than several hundred angstroms. 

As an aircraft/spacecraft structural material, this alloy is not used in the form 

of extremely thin films and therefore is opaque; that is, its transmittance is zero. 
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4.2.   Aluminum Alloy 7075 

Aluminum 7075, formerly known as aluminum alloy 75S is a wrought alloy with 

zinc as the principal alloying element.   Its nominal composition (by weight) is:  5.5% 

Zn, 2.5% Mg, 1.5% Cu, 0.3% Cr, and Al balance [A00005].   Various properties and 

usage of this alloy is discussed in [T15906] and [A00005]. 

In the solution-heat treated condition, this alloy is designated as 7075-T6. It 

is among the highest strength aluminum alloy which is commonly used in the aircraft 

structural parts.   This alloy is also available in clad state. 

Some physical and mechanical properties [A00005] of this alloy are as follows: 

Liquidus temperature:   911 K 

Solidis temperature:  749 K 

Density at 293 K:  2.80 g cm"3 

Room-temperature tensile (ultimate) strength:   23 kg mm-2 (for annealed alloy) 
58 kg mm-2 (for 7075-T6) 

Brinell hardness number:  60 (for annealed alloy) 

(500 kg load, 10 mm ball)    150 (for 7075-T6) 

a.   Normal Spectral Emittance (Wavelength Dependence) 

There are seven sets of experimental data available for the wavelength dependence 

(0.3-27 jxm) of the normal spectral emittance of Aluminum Alloy 7075 under various 

surface conditions.   These are tabulated in Table 2-3 and shown in Figure 2-2. 

(1) Aluminum Alloy 7075 

The recommended values tabulated in Table 2-1 and shown in Figure 2-1 for 

Aluminum Alloy 7075 with surface roughness of about 0.0005-0.0006 ^m are primarily 

from the investigations of Schocken [T29202].   These are considered accurate to within 

±15% over the entire wavelength range. 

(2) Aluminum Alloy 7075-T6 

The recommended values tabulated in Table 2-1 and shown in Figure 2-1 for 

Aluminum Alloy 7075-T6 rolled sheet were calculated from the normal spectral reflec- 

tance data (see Section 4.2.c). 
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b.   Angular Spectral Emlttance (Wavelength Dependence) 

There are six sets of experimental data available for ihe wavelength dependence 

(0.3-15 jim) of the angular spectral emlttance of Aluminum Alloy 7075-T6 for an inci- 

dence angle, 6 = 25°.   These values are tabulated in Table 2-6 and shown in Figure 2-4. 

The recommended values tabulated in Table 2-4 and shown in Figure 2-3 for 

Aluminum Alloy 7075-T6 with surface roughness of about 0.0005-0.001 jim and the inci- 

dent angle, 0=25°, are primarily from the investigation of Edwards and Catton [T383911 

These values are considered accurate to within ±15% over the entire wavelength range. 

The angular spectral reflectance values for the similar material, but sandblasted with 

silicon carbide, are considerably higher than the values reported in Table 2-4.   It is 

worth noting that Edwards and Catton [T383911 consider their values as the normal spec- 

tral emlttance rather than the angular spectral emlttance.   Therefore, tabulated values 

from Table 2-4 may be applicable for the normal spectral emlttance. 
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c.   Normal Spectral Reflectance (Wavelength Dependence) 

There are no experimental data sets available for Aluminum Alloy 7075, however 

only one set of experimental data is available for the wavelength dependence (2. 8-15.0 jim) 

of the normal spectral reflectance of Aluminum Alloy 7075-T6 alloy.   This is tabulated 

in Table 2-9 and shown in Figure 2-6. 

(1) Aluminum Alloy 7075 

The recommended values tabulated in Table 2-7 and shown in Figure 2-5 are for 

Aluminum Alloy 7075 with surface roughness of about 0.0005-0.0006 ypn.   These values 

calculated from the normal spectral emittance data (see Section4.2.b) are considered 

accurate to about ±15^ over the entire wavelength range. 

(2) Aluminum Alloy 7075-T6 

The recommended values tabulated in Table 2-7 and shown in Figure 2-5 for 

Aluminum Alloy 7075-T6 clad sheet are primarily from the investigation of Cunnington 

[A00027].   These values are considered accurate to within ± 15% over the entire tem- 

perature range. 
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d.   Angular Spectral Reflectance (Wavelength Dependence) 

There are no experimental data available for this subproperty.   The recommended 

values for Aluminum Alloy 7075-T6 with surface roughness 0.0005-0.001 jjm and incidence 
angle, 6=25°, are calculated from the recommended values of the angular spectral emit- 

tance (see Section 4.2.b).   These values tabulated in Table 2-10 and shown in Figure 2-7 

are considered accurate to within ± 15% over the entire wavelength range.   As discussed 

in Section 4.2.b, these values may be applicable for the normal spectral reflectance. 
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e.   Normal Spectral Absorptance (Wavelength Dependence) 

There are no experimental data available for this subproperty. 

(1) Aluminum Alloy 7075 

The recommended values tabulated in Table 2-11 and shown in Figure 2-8 are 

for Aluminum Alloy 7075 with surface roughness of about 0.0005-0.0006 ^im.   These 

values calculated from the recommended values for the normal spectral emittance tabu- 

lated in Table 2-1 are considered accurate to about ± 15% over the entire wavelength range. 

(2) Aluminum Alloy 7075-T6 

The recommended values tabulated in Table 2-11 and shown in Figure 2-8 are 

for Aluminum Alloy 7075-T6 clad sheet.   These values calculated from the normal spec- 

tral emittance data tabulated in Table 2-1 are considered accurate to about ± 15% over 

the entire wavelength range. 
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f.   Angular Spectral Absorptance (Wavelength Dependence) 

There are no experimental data available for this subproperty.   The recommended 

values tabulated in Table 2-12 and shown in Figure 2-9 are for Aluminum Alloy 7075-T6 

with surface roughness of about 0.0005-0.001 fjxn, and incidence angle, 6 = 25°.   These 

values calculated from the recommended values tabulated in Table 2-4 are considered 

accurate to about ± 15% over the entire wavelength range.   As discussed in Section 4.2.b 

these values may be applicable for the normal spectral absorptance. 
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g.   Transmittance 

Although it is true that metals and alloys in the form of extremely thin films may 

be transparent for a wide wavelength range, they are opaque if the thickness is greater 

than several hundred angstroms. 

As an aircraft/spacecraft structural material, this alloy is not used in the form 
of extremely thin films and therefore is opaque* that is, its transmittance is zero. 
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4.3.   AISI 304 Stainless Steel 

The family of steel known as "stainless steel" covers an exceptionally wide range. 

About 35-40 different combinations of ingredients have been used by various manufacturers. 

Primarily all stainless steels have a base alloy of Fe and Cr.   The nominal composition 

of s.s. 304 is (18-20%) Cr, (8-12%) Ni, 2% Mn, 1% Si, 0.08% C, and Fe balance.   The 

composition of s. s. 304-L type is essentially the same except the composition of carbon 

is lowered to 0.03%. 

Chromium, when added in excess of 10%, makes alloy heat and corrosion resistance. 

Other elements are added to obtain special characteristics.   The most important of these 

in the case of stainless steel is nickel which increases its corrosion resistance and work- 

ability of the alloy.   This addition causes a structural change which is known as austenitic 

which makes the alloy nonhardenable and nonmagnetic.   It is possible to weld AISI 304 

stainless in moderate thickness without subsequent heat treatment to restore corrosion 

resistance, whereas 304-L variety, due to its low carbon content, has lower hazard of 

carbide precipitation after welding or annealing. 

Various properties and uses of this alloy are discussed in detailin[A00005]. Some 

of the physical properties can be summarized as follows: 

Density: 7.9 g cm"3 

Melting range: 1670-1727 K 

Electrical resistivity: 72 pfl cm 
at room temperature 

Modulus of elasticity in tension:    28 x 106 psi 

Modulus of elasticity in torsion:    12. 5 x 106 psi 

a.   Normal Spectral Emittance (Wavelength Dependence) 

There are 31 sets of experimental data available for the wavelength dependence 

(0.20-27 jjm) of the normal spectral emittance of AISI 304 Stainless Steel for oxidized 

and anodized surfaces covering the temperature range from room temperature to 1273 K. 

These are tabulated in Table 3-3 and shown in Figure 3-2. 

(1) Polished AISI 304 Stainless Steel 

The recommended values at 293 K tabulated in Table 3-1 and shown in Figure 

3-1 are for polished and unoxidized surfaces are primarily from the investigations of 

Rolling and Funal [T47998,T29202]. These values are considered accurate to within 

± 15% c, er the entire wavelength range. 



(2) Oxidized AISI 304 Stainless Steel 

The typical values at 1273 K tabulated in Table 3-1 and shown in Figure 3-1 are 

for polished and oxidized surfaces of a sample heated in air for about six hours at 

1273 K.   These values, primarily from the investigations of Blau, et al. [T16606] are 

considered accurate to about ±30% over the entire wavelength range. 



144 

vt     • u 
(/>      u 

t-    111 
(A 

o 

»- 
M 

lii Ul 
u a. 
X X 
< IK 

I 
<( -< 
M 
»- • 
ü Z 
ui ►- 
a. o 
«^ x 

ui 
_i J 
< UJ z > « < 
O X 
X w 

^B 00 CD CD CD CD CD 0 CD CD ^Q CD CD CD 0D 0 CD 0 00 CD 0 0 CD 0 0 OS 0 
<wo<r<j«ir<oo.*ooh>.yoeioe<-<in«u<rao.«iMw.rcu 
tO>0iOir>(vjao<\i)UN<o«4.*<OKrw0a<0.*«.*ainou%<\io w KKK^.r>-^«O>OvD\O^.K.Kh>N>I^NK|>>vOi0>OlAIA'»-»-r 

oooooeooeoaooeooooooaoeoaoo 

a a n 
UiUK 

I/>M«4     eoooaoaaaeoooeoooaoooeaoacia 
j     MO ou\«o>r><o^u«oirioif\oirtoiAotA^tOoiAou\au\a 
"      JMII       •••••• ••••••••••••» OX iM(MCunmm'r^u«u\«0<i>K.K«ea>0,<rae«4viN(Mforo^ 

aOK ^i ^ H H ^ H »< ^ »< 

i 
o 

I 

• K >0 »- r. K 
oz e o 
UJ o •   • 
M O o a 
M •• 

O D 
UJ M W 
XX©» 
(/> O CM o a 
M U\ a 
-Jl- II •   • 
O O x» * a xi- *** 

— 
ft 

Irt 

r 

2 <\JCSJ<MNfVJ)<>J<\J(SJ>0(VJN.^(\JIVJO<0(SJ>AO<Aa)O^«>4«>^4F>.N««0IVJ0»«K0n<4O<r 
r>.roa»KO>e^^ar>><OtOtOKaKKvO>0Ut>t-tnN(vjv4v4c>aO»o>(r«««><o>e«i>. 
|AU\r>)»0mr>f\JC\JIM>4«4«4T4«4«4T4v4<4«4'H«4«4w»4<4«4'-l«1*4aaae>OoaoOO 

e o o o o i loouooooooooooeooaooooeoo 

UJ M n 

(/) O CVJ (M«>oMt>oooo«C30oaooooooc)cjoooooaoooaooooooo 
><      M (\j(unn^iAaoiAna(<j«u\«o«>ou\«>ou\umc3u\ouNeu\ainoin<i>au\au\c> 

_IHN •••■••••••••••• .,i.. ••••■* 
OO aooooauri«i«4iMMiMN<MNnnm-*-*iniA>0sSrw^io«o>(»aaav«*iN<sj>'> 

O 
u. 
UJ 
3 

4 > 



14t) 

o 
3" 

q 
CM 

(O 
CO 
UJ 

er 
t- (o 

o 
m 
<—i 
cn 
t—i 
d 

*   a 1 i 
i p 

| 5- 
□ UJ tu 
IJ o_ u 
ÜJ CO z 
2 UJ er   -j Q $   erz 

z: uj 

UJ 1 

UJ : 

UJ 

3 

33NbiiIW3 



146 

ii E]0<+XO4-XN>-X)K*I-« I  i-»«-III T XM <H*« 0^~^*- >- 
03 

UJ 
«cvicoa-wujt^ooojo^wcoa-usccr-oocno^ojcoa-iotor-ooeno^ 

^-.^i^.^-i-.^f-.^-.^iCJCJOJOJCvjOJOJOJcoojcn(o 

CD 

oc 

ÜJ 

8 
UJ 
_J z 
►—1 

a 
i- 

3" 
O 
CO 

I—1 
en 

a 

U- 

ÜJ 
u 

I i 

o   z: 
00 

I bä 

O Q_ 

t- t- 
Z CO 
UJ z 
z: lu 
—i _i 
ce ui el 
UJ w 

s 

3aNbiiIW3 



147 

is 

o 

I 

I 
u 
K 

a 
N 
m 

I 
a 
K 

1 

3 I I C 
I 
1 

§ 
3 

s 

III 
3 

i 

0 I 

5? 

I1! . uj"; ►> u 

• ^lS «a 

Jiifl -a 

1 

33 

B 

3" 

a 
P 

g 

ij 
'A y. 

f 

5 

I   I 
CH' 2 

& 
e 

...2 a ^ 5 6 
• Ü3 g a as 

o -5 1. 

o  c  3 o o, «• 
cj   14   I« CJ   ^0  ^ 

h  - - bÄM i; 3 w i-< o "' ^- ,2 
" ^ »^ CS S 
•o o "  w ü 3 *o 

CJ    . «)   o -o X - 
§0. ^ £ * u'ö 

•c  .a«5,8 - 

ca ir   £ CA v a n 
« ^ 5    .3 "" 
«."■g1" Sz^<=■ 

M 5 ^ n - « 
71 o " *. a u c 
:- ir.>   f p ed   0)   ^ J3 

a S 5 ^ o g 2 

d^ « —oS >> 

^ » 3 a I o -a 
o 
■ -    . - 
KO  p P< 7  §    . 

* 0 i^ 

I I 
i I 
to « 

Si J 

aoo -s a  "o £ 
g tH v ~ a a in 

1 

^3 1 |J 

i 
2 
I 
u 

CD 

V 

6 6 

a o 
6 

I 
■ > 
j 

3 
k 

■ 

Ü >" 

I 
10 

I 
ilii s I 

I k ü ■       •       • 

I I I 

K3     9 

S     3 8 

CM 

3 • 
r-4 

CM 

V i 
l-J 

1 1 

1   I    s    1    1    1        111 
M        W W W W W 
•*      * ^S       *    '      *    *       •*       l - * 

.< .<  .< .<  .-<:  .< ij ij ij fj *j #j 
03   oH    o3   o3    o3    o3 
K l-    . i l'.    KUi    C Is    OS Iu    CS ('. 

w M w 
B5 ". «H «". 
.< .< .-< 

Il 
« i» H C e^ 



148 

S 

S < 

u 

ä 

o u 
p. 

I 

i 
I 
w 

w 
K 

V 
n 

to 

3 

it« t* 
H 

fll 

i < 

"jo 
PS* 

o 

M M M 
r4 f4 fH 12   3 

a 
0> 

Jft   A 

01 

00 
9 

e 
I 
i 

3 k 5.0 

9    9    9    9 

I 

V 

e    0 

ä   H   ä 

•ait I 
O t-l k ♦- «„S - 
- ^ k • 

hT 0 Si 

I 
III 

g&a 

ha 
4) u a 

s 
V 

s 

8 
I 
n 

| 
E I 
a 
Ä 

I      I 
ifl     I 

m 
I 

j    I 

11 
5      lil 

U   L,    * 

>   5 
1- a    |- |    a 

CT> ti 

M 0> 

5    M 

I ^ 
I I I   I 
1 I 
f    | 
g 9 
I I 
I   I 

mill I I 
14 3 
2o a 
U "     u 

I" 1 
CO 09 

as» 

» fH 3 
01 00 01 

t i 
r-        ►•       t»        r- 

s   s   $   s 
pi        n       pi        v4 

N      to      ^      to 
«       ie      io       <e 
Oft          01         0»          0) 
fl       ««      R       «4 

t-     t-     t*     t-     t- 
(0        to        to        to        to 
O           O           cr>           ff>           O) 

r-        t*        »•         t* 

s   s   s   s 
r-«              i-l              i-l               rl 

1111 a       a       «       3 1111 t«      i     «     a 1     ,     -     ,    ' 
1111 

• 
U U U M 

«^ «^ «^ «^ 
IJ fj fa ij 
a* at a* ~i o3   o 3   09   o D 

111 u u 

■<   .-<   .•<   .< 

0 3    o J    o 3    o 3 

s   s 

w u w W M 

«". «■". K" ll  j «'". 
.4 ,< .< .< .< 
Jfj ij u o 3 

|j 9^- 
«I l| o 3 l| 
«>«. «u. K IM Kb. Kl« 

M M M H 
• ~i • J • ►J • 

(B    • BS    , 06    , PS 
.-< .^ .^ 
ti   |i   itf   I 
csu,   r 

o o 
d l 

s   s s 
H        H       H        H 
O» O , t M 
<4 N N N n 

h H       h       H        h 

K     s   a   s   s 



149 

• O UN 

Z *4 O o •   • 
O so 

(MNNvl«4o4«4e 

•   • 
a 

UJ« 

0>  • 

m 0> > o a > inoooooao > « •   • Qt  N ae ii 
3 a N 3 *4Mn^i0«O(M 3 
U •< w o>- «4 «4 o>- 

»0(M<V(W«4vlv4a 

Woaooaao •   ••••#•• 
•4Mm^lO«OM 

nnu%o<AM«40> 
■rntvrv*4***4a 

m 
uj a« 
K M 
3 -<<Mf0^vO«)0<\J 

s 

J 
u 
UJ ** 
K 
M V 

* 
l/t UJ 
V) « 

s 
u\ 

UJ > 
at 
3 
o 

Nocroi>..-<T-i«0(OP>jinj-o<<oini»>o(r 
iniAP>.*roi<i)c\j~*oc90to>a>e(ro><r« «4v4«4>4<4«4w<H>4«4aeaooaoa 
oaeoaoaaaoaaeeaaoe 

<0   • 
•4 
«4 

OOOOOOOOQOOOOOOOOvD UJ« 
oainomemooooiAoinoooo>     > 
■ ••■••••••••••••a«     a II 

lft<0iOKK«eO<OC\J.*.rU»IA<0K«*       3 

•4avOK<0«4-#^ 

l\JtMINJ«4<4«4«40 

OOOOOOOO 

K   • 
IA B 

UJ o> 
U>oooaaoo      > 
      & H 

WIM(>)jr<0«OM       3 
-4 *•        O K 

a v< in n in a 
o> in ^i « in fo 
l\J M (VJ ^« r( «i 

in a o o a o ...... 
«4 (MIO ■* ifl « 

* •• 
o ^ UJ 
w > » ^ or 
l-i ►- 3 
V) o 
M » 
•« UJ 

a; 
U. 3 
o t- 

t 
Ul at 
o UJ 
2 a 
< r 
►- UJ w 
►- »- 
n 
r •» • 
UJ 1 ^ in 

-j 8 
< ■ UJ -4 
ar ,< » 
►- -< Of   II 
o • 3 
UJ X ot- 

.     in>40>ei\jnjn<i>v4<os.in<Minoo<o 
t- O O .4 10 !•> K) .* in a Ki r<> (V « «4 *) «4 <A 
Z N.K^fvi^h.r^f^<Ofvr«.f^N.to<o«N. 
O  O aaoaaoaooaaeoaaeo 

^ in • 
o 
a 

UJ m 
omainoinainoinoinamoina     > 
      or ii 

n to .» .*in m io>0 K *• « <o o» 0> o a .4     3 
»J   ^t  ^ ^« ^  »4  W T4 W ^ ^  W »< »4 fy OJ IM O 1- 

ma^inin«4njin«^ininoN>«>nj<r4'0 
oi\iin^inini»oo>-»nro.«m(vj.4«Kia 
in^''OMnjnj(\Jionj(M(\jnjnj(\jNnj>4T4H 
OOOOOOOOOOOOOOOOCJOO 

in«aN«cr>N<ooinh.oinoooooo 
Nioin>ON'N«e(7>onj^>inKeu\ainou\ 
aooaaaoc>»4.4.4*4.4<MN*)io.?'* 

in>ou>(yj«<0a4'UfotiMnin<or>inioKioo<(M^<sw'^iiniMv<oc9U<m<-«o<«>^r»in«> 
Mn'OMO<Kio-t'Ofo(«jnjM(vj<M(v«\j>4«NK>oin^^ronn'oiois.«4in>oa«in'o«4 

oaooooooe^soaeoooooaaooooocaooooaoeeeoaa 

n-*in^>^<oo<c9»4(\jro>ini0^ei7>ainomainoina(nomoinoinainea)nain 
anooooo«4«4>4W<4^)>4«4^«<4<\j(\iioiO4'-*inin>o<0Kr»««>o>o,oc3w^i<\jnj 

a. 

r 
of 
o 
z 

5^ 
UJ 

UJ 

■4 
a: 

o 
o 

3 

iftoMrj^O't^^MMjOiOM-^r^cvjo^oo^a». troi7>ino''Oin«<4oWT4'Or.in 
ro^KtOn(vi«4via(r^info<\jooo(Nj<4«4aeein-^io(vj(vJv<^4«4w(sjoo>(ro«<ro< 
^^nfOionrororocu(\j(\j<\ji\j(\j(\j(\jnj(\j(\jiH<4«4«4w<4T4<4T4^«r4^tT4c3aoi3c> 

om<r»4-*0,0.-loo<7'C300»0<CroCT>Ocl«)^(^^oOOCjiT>ro»4o^«!'>1vOJ>-»(\l 
■t«.»ininuM>.eeo>a>4^>ON.>>>^->u>NiKo<4otn^>nM9>N.'0(Mn9t(\j(M^roa> 
OOOOOOr>OOT4»4»4T4.<»HrvJOJ(\J(\Jf»>lf\lOP^r-00<T>ao»HrM(MrOM.O«>-<»,>0 

CO OCJOO*3or>Or^r»CDOO 
N.J-MO«J>.0IJ>~fMf\J»4O 
nofororoiNjcvjivjnjiMnjtMfvjN 

OCDOOOOOOOCSOUO 

aauaar>o>noaof3a 
h.k0O<m<\Jh.e'«inin\0ina 
K.fv.O.0^lvfvl^f^vOlft*^ 

oaaoaooaaaooo 

or N 
3 

oooooooaoorjoo 
(Mro^in>0^«<Pa 

(\j ro 
N. 
M 

UJ  »4 > 
Ct  11 

v4 CM 10 ■*        3 
T4   »4  »4 »4 U h- 

o a a L> a i 

(M ro « u> vo i 

w 
IM 

ul io 
laaeioooa      » 
■ aC n 
, a> J< r> r4 (v: ro ^  3 

rl H ^1 W «4   O I- 

0> ^t K <0 »4 
m <M n (Mm 
■o o io j j- 

<M <0 H ^ O 
<M(M IO IO ^ 

o o o o cj 



150 

o 
UJ 

i 

o 
o 

O         ••••••••••••••••••••  
O ocaoaooooooocjoaoocicjooaoaoooooooooocacioocso 

H 
CM 

UJ oooooooooooo^oinooooocsooooooooaoooinoiooift-» 
> mou\c»'/\c3ir\r3u\oino(\JiriN.ou\acnoix>oiroir»oirioinciir>oirvN.of\jit\N.o^ 

3 N)>>ro«-*u\i<\<0>oi iO<0<aa>-i«4CMiMmn^«uNU><0>oi 

UJ 
ü 
z 
Ul 
a 
z 
UJ 
a. 

o 

* CM 

8 

o 
o 

ict 
ui o> 
> 
at N 
3 

aiOIA^^CMtO« 
O«(VjTlO<T4r0<OIA 
0<0>K   t fl M ^t w 

oeoaeoae 

tftaooooaa 

v4iMio.tvaaoN 
Of   11 
3 

inooooooo 

f>>miMa««K.i0K.a« 

(M O 
a 

UJ »o 
> 
or H 
3 

«4atnair>ainKoiA 
minNocwin^voM 

aooW«4*4*l,4NtM 
o>- 

< «^ 
■« 

M« w 

_t UJ 
UJ o 
UJ z »- < 
1^ ►- 

►- 
Irt w 
M X 

o 
o 

OCMm^ta^«O<r<SIMON|AO,nT4«4C\JKO«-*-*0>Oh>l^>4«4-*(r 
ina(vjoe'»h>cgo<<on<4O>«K.ii)m't^i>>nnn4'u\u«u«in>0^ 
<0«>h.lOin-?''OrOCMCVI<VJM«1>4T4«4~<T4<-<<-<«1HW*-)<-«>4>4HT4»4 

a s o> K vo w 
a» Otaut h> •» 
^  CP J) J- (NJ <M 

i o o o o a a o i > o o o a e o e 

a     ui 
n     ac 

3 

V)        t 
M     ae 
<J       UJ 

O       Ui 
>- 

UJ 

i 1 
z 
UI • 

z 
-I K» 

19 
Z 

I- UI 
O -I 
UJ       UI a.    > 8  s 
-I M 

X 

O 

or 

tnooaooooooaoooooooaaoooooocioi 
K.c3U\owou\oiAoiriomoiAC9trvoiAoooomi3maoi 

05 

r<CVJ(V|MM4-^lnlftU3-X)t^N.CO«>CJ<CPOO»HtVJM^^lr«lftJ>r»IO«0 

UI • > 
Of  N 
3 
o»- 

1A o o o o o •   ••••• 
•« eg n ^ « « 

• n o ^ IM « 
t- ^  (T> U\ " H 
z (M «4 »I »4 *4 
o 
o a o o o o 
■1* 

u> «0   • 
»4 «4 M 

UJ UI <a 
> o o o a o > 
a a n 
-> t .D  00 o fj 3 
o H T4 OW 

ro c\i co o in io o I 
iA ■» n u» 0< IA n > 
If« -^ n INI »4 T4 «4 ' 

13  C3   O O  O  O  C3  i 

■ r> o o es CJ o CD a •    ••••«•• 
'H CM ro ^ «o <o 

ui en > 
IK  H 

CM       3 
<H       UK 

4'e0lAr^O^^T4 
J>-»IOrjCMW»4»4 

ooociaooca 

moaaaooo 

T4Mn^«0l0O<M 

UJ w> > 
Of  II 
3 
OK 

IM m «O K h- <0 CM 
ro ^ «o a o> cr « 
a «> a B a « « 

«4 « o l|\ o (A o 
n ro in r. a IM II\ •   •••••• 
C3 O O n .4  --•   »4 

oc 

CMO<«4K(Oa«aiO 
CM\0(M«U\CM>4« 
rO<MCM»4»4»4»40 

oooooauo 

^l»>fO^^W<3»-4 
00 O T Cl vD t W O 
lonCMCM<4H«4«4 

>i>«^in>orocM<4 
ain^tOoK^CM 
«a^rOCMCMrC^v« 

CM    • 
T4 O 

u\oaaoaoo 

ro  • 
«4 CM 

in 
ui a> > 
Of   II 
3 
OK 

*    Tt 
»4 «0 

inocsrjaoacs in i 
ui a > 
OC   II 
3 «4 CM IO .* tO «e a CM       3 r4 CM ro ■» 4 « O CM      3 «4 IM ro 
o t- »4 «4     or- «4 «4    o r- 

UJ »4 > 
or ii 

a a a a a 

.* >£ « O CM 

UJ -H > 
or H 
3 

o ro CM 
O   -4 O 
»O -# ro 
•   •   • 

a o a 

moo 
•  •  • 

«4 CM ro 

at 
UJ 
a. x 
UJ 

UJ 

>o<0'4o<'4j'iM«4a><j>>4.r!AO>CMm'OK>o^iT>>ON.roT4a«a>ii>ino«a>o>.t'auNiM« 
<-«CMr>.(M«4<4^IAtlON«IA^«>^-*>4(r«KN>0>OinrOIMIM<4aaa<4'»4H>40 
<eN.^rOIOror>>rorororOCM(MIMCMCMCMM«4«4T4H'>4-4«4<4«4<4>4«4<4«4«4«4<4'4»4 

oaaoaooaaaooooooocjooacaooaoaaaaaaaaoeo 

UJIO ^oo^cMinNiAocMinatAoiAi^ao^csocioooocroaoaoaoaatD 
> ro^uMn>ON.aa«ot4iMinN.orMiAOiAoiAeoc3tAoinoiAc3aoatAainao« 
at II ••••••••••••••••••••••••••••••••••••• 
3 aot3cauaoaT4T4>4T474CMCMCMroro-*'*u\>Ol«>^««(T>0>oCM^>oa>f>>^<aa 
OH- »4 r« ^ ^t »4  »4 H W ^ 



151 

i 

ü5 
> 
< 0m 
X 

W 

-1 Ul 
LÜ u 
UJ z aNKtn«4oroo 
►- < ooiO<0«4.*KN ocr^inoninH 
v> w oacr<7<o>eo«><o roCPtr^CTO^co^jÄI 

in W w^oooooo maooooao 
w X 
UJ UJ a> • O    • H   ♦ 
-i <\J o n * K» CM 
z .• in •4 in »-< V UJ m UJ (0 uj er < > maooooao S if> o  aoaaoo > 
»- ■ ft ac it (* n «   N 
<A ►- 3 «4(\jn^tO«aM 3 W(MMJ-U3<00rj 3 

O»- W v4 O ►- •4 ^ OK 

ooiriuv«)if>J-o 
oou>ii\an«0«4 

in o o oa a a a 

«4Cgio^<c«a(M 

v> < 
t-t cc « UJ 

a 
u. i 
o UJ 

►- 
UJ 
o •» 

I 

• «oooKr>>to^foi^i\jf>>jt0MV«>cn(\jnea)>o«4n^ o>0io4i>.<4O>ivj 
i- .*ro<ot<oj-roro.»iftmi^M'-<i>oroMvO-»ir>r^oNMCj a«>«^er>mina z eN'U>'«nromnnmMio.rM>ovo<o»>ni|o>o^.y^^ o(r>cr<9<a>«a>« o ••••••••••••••••••••••••• •••••••• 
o      ooaoooooooooooooo^a^aeooo «-«ooooooo 
f» •   • 
IM MO« 

o 
UJ     amainowooinainotnocsfMaoiircpotnatno     uja 

mh.o(Mir\KeimKo<MinN.oi|o-tinin^o^n(Minh*o     > u\< 
x: 
UJ * 

I 

o 
z 
UJ 
-» 
UJ 
> 

w 

U 

• 
>- 
z 
o 
o 

>o 
(M 

• • •  •   • 
-t .t .» 

•  •   •   • 
.»• in in in 

•    ••••••••••••••a         Q^   II              •••••••• 
>o>0'0>OKN.r^K.KN.|>.<ee«n(T>      3          ^Nn^voaetM 

-j < 
IX 

o 

a. 
m 
-i 
t 
z 

i 
a 

• 
o 

« rw in N> 

\0 lO vO »A •    •    •   • 
o o a o 

K   • 
(MO 

a 
tu m > 
« ii 
3 
Ot- 

winT'W'7>.-lvOO«>rC(M(rivBM«rjiOPO»Hr-.J.DPJ.»Cr-l^<OtJ) 
at^j'n«4(MinoaT4T4<rK.-*v4<oiMa'>(roM<oo>nj-^u>KKiO>oin 
Ot«o(o«(o<D««oo>a>ir<oa«>ah.i>.>0to^KKr>o«o««««««o 

O t> .3 O ooooaoooeoooaouaoaoooaoouaa 

^< 
UJ > 

o 

o o 
•    • 

J- «o 

o o o 
•   •    • 

« e IM 

^otnoiAoinaoacsaooaaaaoooaaooooaooiA 
roiAi^anjin^omoinoinainainamainatnamainainotM 

i 
Ui 

• 

• 

ooow«4^v4(M(Mmn^«inu\tOuDK.^ao«o>o«eo«4^<M<Mnn 

w 

0»r30«mo^W«0 
r, fo o .OIM«49>'0 
o«a<B>a>o<i>inin 

in^ma^in^o^^o 
in oj »j .o M (M o in 
(7%(T<a5U)>DJJvOin 

O O .J fs.   (\J M J>   »4                               O   «C O 
O O N. v4 ^ n o >o                        O IT f^ 
a o « *. .a <0<o in                  a er « 
•  •■••••*                     ••• 
«4T400UaOO                            «4O0 ^J o o o a ts a o o oaoooooa 

o 
2 

^ 

n  • 
«M « 

«4 
UJ « » 
at n 
3 

mooaaooo 
^CMn«>0aa(M 

H «4 

♦   • 
M 

UJ o< 

K  II 
3 
Ot- 

inoooaano 

•4(Mra^<i>«Ci«M 
»4 »4 

in  • 
«M »4 

«4 
UJ • ■ 
3 o>- 

IM 0> 

UJ 01 
maooauoo      >          tnots 
• •••••••     ac n      •■• 

«4 IM IO ■» >S « O IM        3             «4 (M H) 
•4 »4        O ►- 



152 

b.   Normal Spectral Emittance (Temperature Dependence) 

There is no experimental data available for this property.   The provisional values 

for the polished surface, tabulated in Table 3-4 and shown in Figure 3-3, for 3,8 ^ and 

10.6 jx, covering the temperature range from room temperature to the melting point, 
were calculated by using the Kirchhoff law, i.e., c. = a..   Data for &. are available in 

Section 4.3.g.  These are considered accurate to within ±20^ over the entire temperature 

range. 
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c.   Normal Spectral Reflectance (Wavelength Dependence) 

There are seven experimental data sets avuilable for the wavelength dependence 

(0.97-295.9 ym) of the normal spectral reflectance of AISI 304 Stainless Steel from 77 K 

to room temperature.   These are tabulated in Table 3-7 and shown in Figure 3-5. 

The recommended values at 293 K, tabulated in Table 3-5 and shown in Figure 

3-4, are for polished and unoxidized surfaces.   These values, primarily from the inves- 

tigations of Leigh [T33512] and Stockham [T45583], and the recommended values for 

the normal spectral emittance shown in Table 3-1 are considered accurate to within ± 15% 

over the entire wavelength range. 

The typical values at 1273 K, tabulated in Table 3-5 and shown in Figure 3-4, 

are for polished and oxidized surfaces. These values were calculated by using the 

Kirchhoff law, P\:=1"0tv = l-€». where the values for the normal spectral emittance 

are shown in Table 3-1.   These values are considered accurate to about ±30% over the 

entire wavelength range. 



156 

a 
IA » 

Ul 
HO o </> z 
UJ < 

n 

b. 
UJ 

u.      « 
O       3 

ul 
ü ae 

UJ 
a. 

o x 
UJ »- 
a. i» 
vt z 

to CD ffi CD CD CD 03 CD CD CD CD ^^ CD CD CD OD  CD CD CD 00 CD CD CD CD CD CD A 
N»4<o<eT4C\io><>oomuJoo«e<r,u>.Tv4f\jouia«<oa 
nfnn'*KO>«4>ou\Meu\^mvjN»4niA<HiAe-ta'>-*'h><r 

** (\JMCNjrJMCJfOP0«tO(MMMrgN<SIIMMf>J(O'O^-»*irilAm 

OOOOOOOOOOC»r50000C»OOOC3000000 

O O P> 
UJUIK 

(/> M «4     o e e e a o o o a o e ^ o o o o es o e o o e o a o o e 
_<•     MO o^«ooin«oir>aiftoinoinou>ou>o^oinou>oifvo 

OK N M I\J m m n « ^ UN in so vO K N « « o< 9>e o «4 M NN m n ^ 
ft. O h- ^ W<H «4 <4^ «4 WT4 

UJ 

Of 
o 

• w^ 
►- (MM 
z o>o» 
o •   * 
u o o «^ 

o 
UJ K» 
z o« 
v> CJ a a 

Ift o •   • 

i 
i 

r 

2 l\JvOO(Sle(r(VJ^tO>(VjmfOrONIMIM<\J'O^^UNM>>OKh>a«oa«9<00aHW«4«4»4<MIM 
^^vD<0iO>oit.f>>N<o«««<ea0ce<on«>«0«e«>«o<e«0>o>CPo>o>(T«0>a>o'O> 

iOOOOOOOOO( eoooaoaooi 
o 
UJ        M 
x     <r 
l/l      «VJ      (vjmorvJaoooonocaaoooesoaoooooaooocioooooooooca 
M N'vjron^tin'ootnaooj^mvOiocainvotnoirioirtciuxcsuAo^otrttooinciincs 

o ooaooooWTi«4ig(M<\i(\jNiMionn««iAUk<Ovar<>r>>««o><rooa«4«4iyNn 
OL        ^- »4 w *4 *4 «4 H <4 T4 

o 
-I 

o u. 



157 

"| r- 
I E10< + 
6 

B 

LÜ 

CO 

CO 
i—i 
d 

U- 
D 

UJ 
o 

I! 
UJ 

is 
ii 
u UJ UJ 
ÜJ Q. O 
>   CO z 

OH Q- 
D UJ 
Z O 

Q I 
UJ (— 
Q CD 

5S 
Ed 
o > as 
a: w 

5 
O i-i 

■ 
o 

CM 

30Nüi33-ld3M 



158 

E]©< + Xe4- 

.-i w <o a-iß <D t- 

1(0 

o 
■ 

WD 

CO 

5 

o 
CM 

i 

00 
o 

t 

33Nöi33-U3M 



159 

s 

I 
» 
a a 
5 

2? «Sg-i" 

o 
OB « 

in in 

i i 
oo et 
ri M 

CM 
O 

M     Cl     01 
to   <e   t* 
0>    A    0> i 

3 < i 

1,1, 
Ü   Ü    if 

2^1 

■ u 

as ri si Ix 8.?   3 •< 

K<5 

IJ 

M     N     O 
Ör-I      d 

m   ID 

S   H   H 
MO« 

lO 
I 
lO 



160 

o 
z 
w 
o 
z 
Ui 
ft. 
Hi 
o 
X 
►- 
o 
z 
Ui 
J 
Ui > 
< 
z 
■ 

d 
Ui 0m 

*« 
M a 

» 
8 s 
Ui z 
J « z 
M & * UI 
t~ 3 
o u. 

Ui 
-» 0£ 
o 
K> »«. 

K 
M 
o • 
M »- 
4 » 
u. UI o Of 

3 
UI ►- 
o « z QC ^ Ui 
H a. u z 
UI Ui 
J V- E 
Ui 
a 1 
-i < B 
a /< 
N 
o • 
Ui Z 
a. »- o o 

z 
J Ui 
< -i z Ui 
or > o « z z «^ 
-i < 

u> 

a: n 

vt(riviiOB*><4U«^iM««o<<rt<a^^' 

tO 9 0  Ä 80 (7^ (7s CT* O* U* O* O* CT* ff* Cf* ^ O* 

H«4IM(ViMnu\>OK 

K   • 
K 

UiM > 
tt  N 
3 
O»- 

a'fo.*f).H<oo.»(\jCT<<rpju>«jojo<u> 
rj*f.(T>owfoM^jj'UMnin>ou\>D 
«f>Ä>«)«^5rcp<rc,<7*c^ff>o^cT»cpcrCT» 

ooeooeooaooaooeao 

0>m>0(Mv4«4^n«IOO<4C\iM^f>>IA 

I 
M 
a: 

i 
Ui 

n 

Ui s 

a   z 
o 
o 

Ui > 
Of 

o 

o» in cr« 
« 0> 0< 

■H «3 0» 
o a< a> 

u% oo j- in ro c» 
«-I «a MK « «4 
iO N a (0 « <r 

*  • 

hi io r^ in .» in M u\ ui K 
> cr* <T^ o^ o* <y* (P > 
or ii •••••• nf ii 
3 o w n m rw «> 3 
UM UK 

CQ 40 V V 0 O^ CT1 CT* 0^ O^ O^ C^ O1 ^ O^ 0^ 0^ o^ ^ 

oaaoooaoooooaooeaoo 

«r<>0>tOCVi(Vi«40>««4K^^^N^'4niA 

C\iMn^irt«OK«(M^«4lft>Qr<>0«0><DinO> 

KMfViv4>4r»f>><eo«n^ 
KMvl>KaO<OOHN(>J 

0>«>«J<0K<i>«)(M«OU\9>0> 
p«>CPu\tO«a'O*aa'9'Ot0*<y* 
N-r^cocowoooe^««««« 

VJO K- lD M  J- fO 00 
m N kO <o CM o «o 
K « a « o> o> « 

a o o o o o o 

UIM «4 O (M UX 4 K IM a « U\ «4 
> « « « IA « h. ■» 0> O<I0 O 
QC   H ••••••••••• 
3 T) r> u\ vfl «o o i»> in «a »H <o 

M   • « 
o« 

Ui IM > 
ac N 
3 
UK 

^ 0> IM K IM 0< l\i lA OK N «4 «4 UI K 
0> f>> 0> K O O a >« K (O •>> « a > 
•    •••••••••••• Of   II 

T4 m IA^ a <M ■* i0 «a <M ^ a) 3 
vl vl «I vl ^(M N (MM OK 

a «4 o> M in v4 nt 
o« o a« t3 a> « o •    •••••• 
win K *< niA « 



161 

d.   Normal Spectral Reflectance (Temperature Dependence) 

There is no experimental data available for this property.   Two provisional values, 
tabulated in Table 3-8 and shown in Figure 3-6, were generated for 3.8 ^ and 10.6 ^t, re- 

spectively, covering the temperature range from room temperature to the melting point. 

The relation p\ + & = 1 was employed for this case.   Data for a. are available in Section 
4.o.g.   These values are considered accurate to about -t 20^ for the entire temperature 

range. 
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e.   Angular Spectral Reflectance (Wavelength Dependence) 

There are three sets of experimental data available for the wavelength dependence 

(0.1-0.2 jjm) of the angular spectral reflectance of AISI 304 Stainless Steel at temper- 

ature 300 K.   These are tabulated in Table 3-10 and shown in Figure 3-7. 

No recommendations were made because of the lack of information in the wavelength 

range which we are interested in. 



165 

i Be< 

* «wen 

•. <M 

CO 

EI 

I Is 
I if 

Q B Ü. 

cox si 

Sfe 

i 

33Nüi331J3y 



166 

e 
es 

II 
h 

II 
I 
5 I 
i 
V I E 

| 
» 

i s 

i 

N II 

ll 

Ik 
A* 

III 

11 ■   ■ 

a 
i i 
II 
II 
II 
II 
s s 

I  I 

to 

7 <? 

I 

O 



167 

a 
IA 

IA » 
IA Ul 
Ul o _» z 
z < 
M ►- < u 
►- UJ 
IA -1 

u. * UJ 
o tt 
n 

•♦ •-• « 
w 
M • 
4 •- 
U. ■ 
O Ul « 
w 3 
Ü t- 
z < 
«f Of 
►- Ul 
o CL 
Hi z 
-J UJ 

i I 
UJ » 
a. x w »• 
or z 
< UJ 
_J _J 
3 w 
O > 
Z «I 

• eg in <o o <o o>.» >a « «H 
H oa>^Mroj-inir»ifnO 

Q.    z i»>(sj«0Wf0(oiOf<»fO» 
o •••••••••• 
O ooucjcaooooo 

.<     uj iAu\vOh>Kea>cr>o>a 
> ^| ^ WM ^ «4 ^t >4 ^t<M « •••••••••• 
O aonoaooaoo 0 

i 
z o 
o 

UJ > 
at 

O 

r»<J<a5foajina%ioifv»<>DiO.»moN.ir\coivj 
uaoaot(PO,o«4(Mivj^>oi»a«o>oo«4 
r4T4<HWOOa<4<-<«4>4^74v4WT4(VJ(MN 

oaooo^aooocsoo^aaoono 

^h.h.iniO^'ioKivj^r^amnronioior) 
^inh-crrovOto^n^aaaomaiAoiAa 
M K> M to 4- j- 'u\mtnin>ON.r»«40>o,o 
T4^«T4<H<4T4V4«4>-I<4»4^<>-)«4HVIH<4N 

aoaooaaaocsoaaaaoooa 

UJ n > 
K  N 
3 

ininininjjrs.r^.oncrcT'« * r- K K • cr 
(\i(M(M(SJOJ(\J(\JCNJ(\J(MI\J(\J(g(\JNIMN 

ooaoaooooaaooaaao 

^>O«4tO<P>O-ya.»^rotn<0-fr^N(M 
•H-rii>Kn«4u^N.«iAi>.otntOaT4n 
"-tw^^THOjrjMMi-i'Ofo^-tj-inin 

aoocaoc^ooaoo' 

3 aMvO«oOJJJCNJ.01o>0-»Crc-.C'>«>inofOMoMfO»-<«-»-«0 

oaoar3eiaaciaooeaoaaaoT4>4H«4<4>4«t«4 

oaoaaeooooooooaoaaaaaaooooa 

• (M • 
o ina)rH>Dcrj)J-<o-*f*r>.m>DJ-^.r^f\iJ'H<OMfO«roM«t»3 a 
a TH^u3N.«)wix\t^-ti.->t^.J>fOvO>o»4io^«>oou>oinou\o a 
i») ^*4T4«4«4(\j<vjNrai»>»>>ro«.f«tniAU\i<\<0r«K««<T>o>a urn 

T4«4«4«4vtv4«4«4r4«4«4«4vi»4T4rl<4«4v4>4«4«4«4>4«4«4ni   > 
n   ••••••••••••••«••••••••••••  ae ii 
oaaaoaooaoooaoaaooacsaaaacioa  3 

►- Of- 

IT>H u\<o <r rtn « 

oooaoaoa 

ini0M>av>>O«a 

T4^Wi-lrt(\J(M(VI 



168 

f.   Normal Spectral Absorptance (Wavelength Dependence) 

TLeie are five sets of experimental data available for the wavelength dependence 

(2. 8-20 pri:> of the normal spectral absorptance of AISI 304 Stainless Steel near room 

temperature.   These values are tabulated in Table 3-13 and shown in Figure 3-9. 

The recommended values for polished surfaces at 293 K, tabulated in Table 3-11 

and shown in Figure 3-8 are primarily based on the work by Harmon [A00003] and the 

recommended data for normal spectral emittance of wavelength dependence (see Section 

4.3. a). 

The accuracy for this recommended data is considered to within ± 15% for the 

entire wavelength range. 

The typical values at 1273 K, tabulated in Table 3-11 and shown in Figure 3-8, 

are for polished and oxidized surfaces. These values were calculated by using the Kirchhoff 

law, a» = €x. where the values for the normal spectral emittance are shown in Table 3-1. 

These values are considered accurate to about ±30% over the entire wavelength range. 
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g.   Normal Spectral Absorptance (Temperature Dependence) 

There are eight sets of data available for the temperature dependence (293-1727 K) 

of the normal spectral absorptance of A1SI 304 Stainless Steel covering the wavelength 

range from 2.8 jjm to 10.6 ^m.   These values are tabulated in Table 3-16 and shown 

in Figure 3-11. 

The provisional values for the polished surface for 3. 8 ^im and 10.6 ^m are 

tabulated in Table 3-14 and shown in Figure 3-10 covering the temperature range from 

293 to 1727 K. 

The provisional values for 3. 8 ym  are  primarily based on the work by Neighbours 

[A00016] who theoretically calculated the normal spectral absorptance fr *n the equation 

a. = A0+ A2T assuming that this A1SI 304 Stainless Steel obeyed the Drude-Lorentz theory. 

The provisional values at 10.6 (im were generated from the calculations of 

Neighbours [A00016] and Cunningham and Laughlin [E66194] who used the Hagen-Rubens 

relation, and the experimental values of Harmon [A00003].   The accuracy of both pro- 

visional curves is about ±20% over the entire temperature range. 
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h.   Transmlttance 

Although it is true that metals and alloys in the form of extremely thin films may 

be transparent for a wide wavelength range, they are opaque if the thickness is greater 

than several hundred angstroms. 

As an aircraft/spacecraft structural material, this alloy is not used in the form 

of extremely thin films and therefore is opaque; that is, its transmlttance is zero. 
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4.4.   Titanium Alloy Ti-6A1-4V 

Titanium alloy Ti-6A1-4V was first introduced in 1954 (A00008]. Its nominal com- 

position is 6^ Al, 4^ V, and balance Ti.   The melting range of this alloy is 1803 to 

1908 K.   Its density ia 4.424 g cm"3, which is 56^ of that of steel. It can be heat-treated 

to ultimate strength in excess of 170,000 psi and has excellent fatigue properties and 

crack propagation characteristics. 

This alloy has an alpha lean beta composition.   Addition of the six percent alumi- 

num stabilizes the alpha phase resulting in an increase in a + /3 -• /3 transformation tem- 

perature from 1156 to 1286 K.   It also increases the elevated temperature strength le/el. 

Addition of four percent vanadium increases the strength level by two mechanisms: firstly 

by substitutional solid solution hardening and secondly, by stabilizing the beta or high 

temperature phase, thereby making ßtoot hardening reaction possible through heat treat- 

ment.   The addition of Vanadium improves hot workability by causing more of the ductile 

j3-phase to be present at hot working temperatures. 

Descaling of the alloy can be accomplished mechanically by methods such as 

grinding and grit blasting; and chemically by acid pickling or by immersion in molten 

caustic or hydride bath. 

iickling of the alloy is generally done either for dimensional reasons or for removing 

surface (oxygen) contamination.   This is done in bath containing HNO3 and HF with ratios 

of 10:1. HNO3 acts as an inhibitor to prevent the titanium from picking up the free hydro- 

gen from the Ti-HF reaction. 

This alloy has the following differeat designations: 

Republic Steel Co., Titanium Metal Division:   Ti-6A1-4V 
Special Metal Division: RS-120A 

Crucible Steel Co., Titanium Division:  C-120AV 

Harvey Aluminum Co., Titanium Division: HA-6510 

Reactive Metal Products:  MST-6A1-4V 

Aeronautical Material Specifications:   4928A 

Military designation:   OS-10737 

a.   Normal Spectral Emittance (Wavelength Dependence) 

There are four sets of experimental data available for the wavelength dependence 

(0.3-15 pm) of the normal spectral emittance of Titanium Alloy Ti-6A1-4V for oxidized 

and anodlzed surfaces.   These are tabulated in Table 4-3 and shown in Figure 4-2. 
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(1) 0.032 i^n Finish Alloy 

There are no experimental data available for this alloy; however, the recommended 

values are tabulated in Table 4-1 and shown in Figure 4-1 for Titanium Alloy Ti-6A1-4V 

alloy of nominal composition and 0.032 jim finish.   These values were calculated from 

the normal spectral reflectance data for the similar material (see Section 4.5.d). 

(2) Oxidized Titanium Alloy Ti-6A1-4V 

The recommended values tabulated in Table 4-1 and shown in Figure 4-1 for 

oxidized material are primarily from the investigation of Gravina and Katz [T22613] • 

These values are considered accurate to within ±15% over the entire wavelength range. 

The values calculated from the normal spectral reflectance data of Grimm and Fannin 

[A00001] for a specimen after heating for 15 minutes in air are in good agreement 

with the recommended values. 

(3) Anodized Titanium Alloy Ti-6A1-4V 

The recommended values tabulated in Table 4-1 and shown in Figure 4-1 for 

chromic acid anodized surface are primarily from the investigation of Cunnington and 

Funai [T22613] .   These values are considered accurate to within 15% over the entire 

wavelength range.   It is very important to note that since different anodizing processes 

may produce entirely different surface finishes, which in turn will affect the radiative 

properties.   This makes it impossible to give recommended values for general cases. 

Therefore, the above recommended values are for chromic acid anodized surface only. 

(See Section 4.1. c for further explanation.) 
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b.   Normal Spectral Emittance (Temperature Dependence) 

There are 22 experimental data sets for the temperature dependence (1100-1700 K) 

at X = 0.65 ^m of the normal spectral emittance of Titaniuri Alloy Ti-6A1-4V.   These 

are tabulated in Table 4-5 and shown in Figure 4-3.   Since no measurements are located 

at higher wavelengths, no recommendations are made. 
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c.   Angular Spectral Emittance (Wavelength Dependence) 

There are no experimental data located in the literature.   The recommended 

values at 293 K tabulated in Table 4-6 and shown in Figure 4-4 are for pickled Titanium 

Ti-6A1-4V alloy of thickness 40 mil and the incident angle, 6 = 45c.   These values 

calculated from the angular spectral reflectance data tabulated in Table 4-12 are con- 

sidered accurate to within ±15% at reported wavelengths.   Unfortunately the authors 

gave only four data points, so no attempt was made to interpolate their data. 
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d.   Normal Spectral Reflectance (Wavelength Dependence) 

There are 13 experimental data sets available for the wavelength dependence 

(2. 8-10.6 ^im) of the normal spectral reflectance of Titanium Alloy Ti-6A1-4V.   These 

are tabulated in Table 4-9 and shown in Figure 4-6. 

(1) 0.032 um Finish Alloy 

The recommended values at 293 K tabulated in Table 4-7 and shown in Figure 

4-5 for Titanium Alloy Ti-6A1-4V with 0.032 jjm finish are primarily from the investi- 

gations of Shipley and Thostesen [T407461.   These values are considered accurate to 

within ±15% over the entire wavelength range. 

(2) Oxidized Titanium Alloy Ti-6A1-4V 

The recommended values tabulated in Table 4-7 and shown in Figure 4-5 for 

oxidized Titanium Alloy Ti-6A1-4V are primarily from the investigation of Grimm and 

Fannin [A00001] and are for the material which has been heated in air for 15 minutes. 

These are consider ed accurate to within ±15% over the entire wavelength range.   The 

values calculated froih the normal emittance data of Gravina and Katz [T22613] for sim- 

ilar oxidized Titanium Alloy Ti-6A1-4V are in good agreement wi^h the recommended 

values. 

(3) Anodized Titanium Alloy Ti-6A1-4V 

The recommended values tabulated in Table 4-7 and shown in Figure 4-5 for 

chromic acid anodized surface were calculated from the normal spectral emittance data 

of Cunnington and Funai [T22613].   These are considered accurate to about ±15% over 

the entire wavelength range.   (See Section 4.1.c and 4.5. a for further details.) 
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e.   Normal Spectral Reflectance (Temperature Dependence) 

There are 10 sets of experimental data available for the temperature dependence 

of the normal spectral reflectance of Titanium Alloy Ti-6A1-4V under various surface 

conditions.   These are tabulated in Table 4-11 and shown in Figure 4-7.   In the absence 
of sufficient data, no recommendations were made. 
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f.   Angular Spectral Reflectance (Wavelength Dependence) 

There is only one set of experimental data that is available.   This one is tabulated 

in Table 4-14 and shown in Figure 4-9. 

The recommended values tabulated in Table 4-12 and shown in Figure 4-8 are for 

40 mil thick pickled Titanium Alloy Ti-6A1-4V with the incident angle, 6 ■ 45°.   These 

values primarily from the investigation of Grimm and Fannln [A00001] are considered 

accurate to within ±15% at the reported wavelengths. 
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g.   Normal Spectral Absorptance (Wavelength Dependence) 

There are 16 sets of experimental data available for the wavelength dependence 

(2.8fim) of the normal spectral absotprance of Titanium Alloy Ti-6A1-4V under 

various surface conditions.   These are tabulated in Table 4-17 and shown in Figure 4-11. 

(1) 0.032 fim Finish Alloy 

The recommended values tabulated in Table 4-15 and shown in Figure 4-10 cal- 

culated from the normal spectral emittance data on the identical material are considered 

accurate to about ± 15%over the entire wavelength range (see Section 4. 5.a). 

(2) Oxidized Titanium Alloy Ti-6A1-4V 

The recommended values tabulated in Table 4-15 and shown in Figure 4-10 cal- 

culated from the normal spectral emittance data on the identical material are considered 

accurate to about ± 15%over entire wavelength range (see Section 4. 5. a). 

(3) Anodized Titanium Alloy Ti-6A1-4V 

The recommended values for chromic acid anodized surface and tabulated in 

Table 4-15 and shown in Figure 4-10 calculated from the normal spectral emittance data 

on the identical material are considered accurate to about ± 15%over the entire wavelength 

region (see Section 4.1. c and 4. 5. a). 
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h.   Normal Spectral Absorptance (Temperature Dependence) 

There is only one set of data located for the temperature dependence (300-800 K) 

of the normal spectral absorptance of Titanium Alloy Ti-6A1-4V.   This is tabulated in 

Table 4-19 and shown in Figure 4-12. These values were calculated using the Hagen-Ruben 

relationship.   Due to lack of experimental evidence to support these calculations, no 

recommendations were made. 
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i.   Angular Spectral Absorptance (Wavelength Dependence) 

There are no experimental data available for this subproperty.   The recommended 

values tabulated in Table 4-20 and shown in Figure 4-13 calculated from the recommended 

angular spectral emittance for the identical material are considered accurate to within 

±15% at the refirtad wavelengths (see Section 4.5.c). 

N 
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j.   Transmittance 

Although it is true that metals and alloys in the form of extremely thin films may 

be transparent for a wide wavelength range, they are opaque if the thickness is greater 

than several hundred angstroms. 

As an aircraft/spacecraft structural material, this alloy is not used in the form 

of extremely thin films and therefore is opaque; that is, its transmittance is zero. 



4.5.   Hadfield Manganese Steel 

Hadfield manganese steel is an extremely tough nonmagnetic austenitic alloy. 

It was named after its inventor Sir Robert Abbott Hadfield (1858-1940), an English metal- 

lurgist, who was knighted in 1908 for his discovery of this steel in 1883 and many other 

metallurgical discoveries and inventions.   This steel has a nominal composition of 10-14% 

Mn, 1.0-1.4% C, 0.1-0.3% Si, 0.1% P, and balance Fe.   The melting range of this steel 

is estimated to be about 1470 to 1480 K.   This steel is characterized by its high strength, 

high ductility, and excellent resistance to wear.   In the form of castings or of rolled 

shapes, it serves many industrial requirements economically and has built up an envi- 

able record as the outstanding material for resisting severe service that combines abra- 

sion and heavy impact. 

No information on the thermal radiative properties of this or other similar alloy 

was uncovered from the search of literature.   Consequently, tabulation or recommenda- 

tion of the thermal radiative properties of this alloy is not possible at this time.   How- 

ever, since a metal with thickness greater than several hundred angstroms is opaque, 

it can be safely stated that the transmittance of this alloy is zero in its bulk form for 

general applications. 



4.6.   Aluminum Oxide 

The specific type of aluminum oxide for which evaluated data was requested is 

Wesgo Al-300 which Is a dense, vacuum-tight alumina manufactured by the Western Gold 

and Platinum Company of Belmont, California [A000151.   Wesgo Al-300 contains 97.6^ 

aluminum oxide and has a density of 3. 76 g cm"3 which Is about 95^ of the theoretical 

value, although the manufacturer claims zero porosity. A 1/16 In. flat specimen of this 

material Is white and translucent.   The hardness Is 75 (Rockwell 45N).   The maximum 

working temperature Is 1923 K while the melting point of pure alumina has been reported 

around 2315 to 2320 K [A00017|.   Wesgo Al-300 Is made by compacting at pressures 

higher than conventionally used.   Its properties Including high abrasion resistance, high 

thermal conductivity, and excellent dielectric characteristics lead to Its use as R. F. 

windows, high voltage Insulators, and vacuum tuue envelopes. 

A search of the technical literature did not turn up any data on the thermal radia- 

tive or optical properties of Wesgo A1-30Ö.   Therefore, with no specific data on Wesgo 

Al-300, no evaluated values can be given for It.   However, to give some Indication of the 

thermal radiative properties of alumina It was decided to give evaluated values, where 

the quantity and quality of data warrants It, for an alumina which has a purity close to 

Wesgo Al-300.   Coors AD 99 Is 99^ pure aluminum oxide, while Coors AD 96 Is 96^5 pure 

aluminum oxide and these specific materials are higher and lower In purity, respectively, 

than the 97. 6^ purity of Wesgo Al-300.   It should be emphasized that any evaluated data 

for Coors Is not a substitute for actual measurements on Wesgo Al-300 and Is only given 

to give an Indication of the behavior of another specific alumina.   Because evaluated data 

was requested for Wesgo Al-300, data was generally not extracted for ruby or sapphire. 

a.   Normal Spectral Emlttance (Wavelength Dependence) 

A total of 86 sets of experimental data were located for the wavelength dependence 

of the normal spectral emlttance of aluminum oxide as listed In Table 6-3 and 

shown In Figures 6-1 through 6-6.   Curves 1 through 30 are shown In Figures 6-1 and 6-4. 

Curves 31 through 60 are shown In Figures 6-2 and 6-5.   Curves 61 through 86 are shown 

in Figures 6-3 and 6-6.   Specimen characterization and measurement Information for the 

data are given in Table 8-2. 

There is no data specifically for Wesgo Al-300, however, there are data for Coors 

AD 99 and Coors AD 96 which have a purity higher and lower, respectively, compared to 

Wesgo Al-300.   Folweller [T29570] (curves 22-26) has measured the normal spectral 

emlttance of Coors AD 96.   The data was presented In tabular form and for widely spaced 
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wavelengths leading to the conclusion that giving evaluated values is not justified. 

Data for Coors AD 99 was presented by Folweiler [T29570] (curves 17-21), Blau, et al. 

[T16606] (curves 3, 4, and 7), and Blau and Jasperse (T32045] (curve 62).   The data 

for curves 17-20 was presented in tabular form with the remaining curves for Coors AD 99 

given in graphical form.   Curve 20 at 1423 K gives supporting evidence to curve 21, also 

at 1423 K, given in graphical form.   These two curves form the basis for provisonal 

values for the normal spectral emittance of Coors AD 99 at 1423 K with the values listed 

in Table 6-1 and shown in Tables 6-1, 6-2, and 6-3.   The provisional curve continues 

only to 11 pan to keep the uncertainty to a 15^ value.   Curves 4 and 62 for a temperature 

of 1303 K are very similar to each other and form the basis of the provisional values for 

Coors AD 99 at 1303 K with the values listed in Table 6-1 and shown in Tables 6-1, 6-2, 

and 6-3; the uncertainty for this curve is 15^.   Beyond 4.8 jim both provisional curves 

are the same since the stated uncertainty and the curves forming the basis of the pro- 

visional values do not justify separate provisional curves. 
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b.   Normal Spectral Emittance (Temperature Dependence) 

A total of seven sets of experimental data were located for the temperature 

dependence of the normal spectral emittance of aluminum oxide as listed in Table 6-6 

and shown in Figure 6-8.  Specimen characterization and measurement information for 

the data are given in Table 6-5.   All the data are for wavelengths of 1 jjm or below. 

However, provisional values at 3. 8 and 10.6 ^im for Coors AD 99 are shown in 

Figure 6-7 and are listed in Table 6-4.   The values were obtained from the two pro- 

visional curves in the previous section.   The uncertainty in each point is 15^.   The lines 

connecting the two points for each wavelength are not to imply a smooth curve and are 

used merely as an aid in visualizing and integrating the values presented. 
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c.   Normal Spectral Reflectance (Wavelength Dependence) 

A total of 31 sets of experimental data were located for the wavelength 

dependence of the normal spectral reflectance of aluminum oxide as listed in Table 6-8 

and shown in Figure 6-9.   Figure 6-9 does not show the data for curves 4, 9-13, and 

30-31.   The data for these curves reported in the literature are relative values and 

some individual data points are over 1.0.   The computer program handling the plotting 

divides any data over 1.0 by 100. and hence the curves having such data were not plotted. 

Specimen characterization and measurement information for the data are given in Table 

6-7. 

The data are predominately for wavelengths below 2.7 ^m.   The data above 2.7 ^im 

are not identified with any specific brand names nor are there confirmatory data for these 

data sets.   For these reasons, taken together, it is not thought justified to pursue devel- 

oping evaluated data. 
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d.   Angular Spectral Reflectance (Wavelength Dependence) 

A total of 10 sets of experimental data were located for the wavelength 

dependence of the angular spectral reflectance of aluminum oxide. These data are listed 

in Table 6-10 and shown in Figure 6-10.   Specimen characterization and measurement 

information for the data are given in Table 6-9. 

The data are all for a temperature of 293 K and none of the sets are for Coors 

alumina or other commercial alumina and, therefore, no data evaluation is possible. 
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e.   Normal Spectral Absorptance (Wavelength Dependeuce) 

A total of five sets of experimental data were located for the wavelength 

dependence of the normal spectral absorptance of aluminum oxide.   This data is listed 

in Table 6-12 and shown in Figure 6-11.   Specimen characterization and measurement 

information for the data are given in Table 6-11. 

The data are all for wavelengths below 1 ^an and, hence, no data evaluation is 

justified. 

Since a = € by Kirchhoff's law(Eq. 2.3-7), the provisional values for normal 

spectral emittance of Coors AD 99 also apply to the normal spectral absorptance.   See 

Table 6-1 for a listing of these provisional values and Figures 6-1, 6-2, and 6-3 for a 

graphical presentation. 
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f.   Normal Spectral Absorptance (Temperature Dependence) 

No experimental data was found for the temperature dependence of the 

normal spectral absorptance of aluminum oxide. 

By Kirchhoff s law(Eq. 2,3-7) the provisional values for the temperature depend- 

ence of the normal spectral emittance are equal to the values for the temperature depend- 

ence of the normal spectral absorptance.   See Table 6-4 for the listing of the provisional 

values and Figure 6-7 for a visual presentation. 



270 

g.   Hemispherical Spectral Transmittance (Wavelength Dependence) 

A total of 16 sets of experimental data were located for the wavelength 

dependence of the hemispherical spectral transmittance of aluminum oxide.  These data 

are listed in Table 6-14 and shown in Figure 6-12.   Specimen characterization and mea- 

surement informatio i for the data are given in Table 6-13. 

The data are all at room temperature and cover a wavelength range of 1 to 8 /im. 

The data are widely spaced, having come from tabular form, and drawing a smooth curve 

through the points for data evaluation is not justified. Lines are drawn between the data 

points in Figure 6-12 to aid in visualizing the data and do not imply a smooth curve con- 

necting the data points. 
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h.   Normal Spectral Trans-nittance (Wavelength Dependence) 

A total of 18 sets of experimental data were located for the wavelength 

dependence of the normal spectral transmlttance of aluminum oxide.   These data are listed 

in Table 6-16 and shown in Figure 6-13,   Specimen characterization and measurement 

information for the data are given in Table 6-15. 

Because the data that are potentially useful are widely spaced, no evaluated data 

can be given.   The lines connecting such data points do not imply a smooth curve. 
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4. 7.   Boron Nitride 

Boron nitride is a material that is man-made and has no counterpart in nature. 

It exists in several forms.   There is a soft hexagonal form, a hard cubic form, and a 

hard hexagonal form.   Pure boron nitride sublimes at 3273 K and 1 atmosphere while the 

commercial forms sublime at 3003 K and one atmosphere |E12808|. 

The soft hexagonal form has a layer-lattice structure similar to graphite.   It can 

be made in two ways.   One method of manufacture is by hot pressing.   The second method 

is by chemical vapor deposition (CVD) with this type also known as pyrolytic boron nitride. 

The hard cubic form has a zincblende structure.   The density is 3.45 g cm-3 

(A00014].   Borazon, a trademark of the General Electric Company, is cubic boron nitride 

manufactured by the GE Specialty Materials Department, Worthington, Ohio.   The Russian 

names for cubic boron nitride are Elbor and Cubonite.   The cubic form is harder than 

diamond and is probably the hardest material on earth. 

The hard hexagonal form has a wurtzite structure and only small amounts have 

been synthesized. 

The application of boron nitride includes furnace insulation, high temperature lu- 

brication (the graphite-like form), dielectrics, wave guides, heat shields for plasmas, and 

nose cone windows. 

a.   Normal Spectral Emittance (Wavelength Dependence) 

A total of 19 sets of experimental data were located for the wavelength 

dependence of the normal spectral emittance of boron nitride. The data are listed in Table 7-3 

and shown in Figures 7-1 and 7-2.   Specimen characterization and measurement information 

for the data are given in Table 7-2. 

Seven sets of data are for pyrolytic boron nitride (curves 11-17) specimens manu- 

factured by High Temperature Materials, Inc., of Lowell, Massachusetts.   Only for three 

data sets (curves 15-17) were specimen dimensions given.   These three data sets cover 

a temperature range of 1280 to 2020 K and are very close to each other.   A set of pro- 

visional values is,  therefore, based on curves 15, 16, and 17 with these values valid 

within the following context:  a 0.5 in. thick specimen of polished pyrolytic boron nitride 

manufactured by High Temperature Materials, Inc., with the surface parallel to the basal 

planes radiating.   The values, within an uncertainty of 15^, hold for temperatures of 1280, 

1P70, and 2020 K.   The provisional values are listed in Table 7-1 and shown in Figure 7-1. 
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Four sets of data (curves 7, 8, 10, and 18) are for 97^ pure boron nitride manu- 
factured by the Carborundum Corporation. The material for curve 9 reported by Browning, 

(T3747L| had a density close to the density of the material for curves 7, 8, 10, and 18 
and was, therefore, probably 97% pure. 

The crystal structure for the remaining data sets was not reported and, therefore, 
these sets cannot be used for developing evaluated data. 
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b.   Normal Spectral Emittance (Temperature Dependence) 

A total of two sets of experimental data were located for the temperature 

dependence of the normal spectral emittance.   The data are listed in Table 7-6 and 

nhown in Figures 7-3 and 7-4.   Specimen characterization and measurement information 

for the data are given in Table 7-5. 

Both sets of data are for 0.650 ^im and, therefore, no data from these sources 

can be used for evaluation at 3. 8 and 10.6 ym.   However, using the provisional values 

in the previous section for pyrolytic boron nitride, values for 3. 8 and 10.6 jjm were ob- 

tained for temperatures of 1280, 1670, and 2020 K.   The provisional values are listed 

in Table 7-4 and shown in Figure 7-3.   The uncertainty is 15^.   The context within which 

these values are valid is the following:  a 0.5 in. thick specimen of polished pyrolytic 

boron nitride manufactured by High Temperature Materials, Inc., with the surface par- 

allel to the basal planes radiating.   Since the provisional values in the previous section 

are the same for 1280, 1670, and 2022 K, the emittance in this temperature range for 

either 3. 8 or 10.6 j^m is temperature independent (see Figure 7-3). 
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c.  Normal Spectral Reflectance (Wavelength Dependence) 

A total of 28 sets of experimental data were located for the wavelength 

dependence of the normal spectral reflectance of boron nitride.   The data are listed in 

Table 7-9 and shown in Figures 7-5 and 7-6.   Specimen characterization and measurement 

information for the data are given in Table 7-8. 

All sets of data, with the exception of one, are for 293 K.   No data for higher tem- 

peratures was located.   Two typical curves are given, one for a pyrolytic specimen and 

one for a cubic specimen.   These are labeled typical because of the lack of complete speci- 

men dimensions and the uncertainty of these values can be 30^ or larger.    The typical 

curve for pyrolytic boron nitride at 293 K is based on curve 2 and holds for a specimen 

from High Temperature Materials, Inc., for linearly polarized light with the electric field 

vector parallel to the c-axis of the crystal, and 0=0° and 9f = 0°,   The typical curve for 

cubic boron nitride at 293 K is based on curve 5 and holds for a polished specimen with 

density approaching the theoretical value of 3.50 g cm"3.   The typical values are listed 

in Table 7-7 and shown in Figure 7-5. 
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d.   Angular Spectral Reflectance (Wavelength Dependence) 

A total of three sets of experimental data were located for the wavelength dependence 

of the angular spectral reflectance.   The data are listed in Table 7-12 and shown in Fig- 

ures 7-7 and 7-8.   Specimen characterization and measurement information for the data 

are given in Table 7-11. 

A provisional set of values, based on curve 2, is listed in Table 7-10 and shown 

in Figure 7-7.   These room temperature values hold for a polished, 1/32 in. thick spec- 

imen of pyrolytic boron nitride manufactured by High Temperature Materials, Inc., with 

the angles 9 and 6* both equal to 20°.   An uncertainty of 30^ or less is assigned. 
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e.   Normal Spectral Transmittance (Wavelength Dependence) 

A total of seven sets of experimental data were located for the wavelength dependence 

of the normal spectral transmittance of boron nitride.   The data are listed in Table 7-15 

and shown in Figures 7-9 and 7-10.   Specimen characterization and measurement infor- 

mation for the data are given in Table 7-14. 

For the purposes of this report, the first four data sets are useless in aiding to 

arrive at evaluated data.   Curve 5 forms the basis of a typical set of values which are 

valid at room temperature for platelets of yellow, undoped, single-crystals of cubic 

boron nitride.   An assignment of typical is necessitated because of uninformed specimen 

dimensions.   The uncertainty assigned is 30^ or more. 
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4,8.   Calcium Aluminvun Silicate 

Since data evaluation was asked to be carried out on the specific kind of calcium 

aluminum silicate known as Corning 9753, the treatment in this section will concentrate 

on that material. 

Corning 9753 is a solid solution of 30^ CaO, 40^ AI2O3, and 30^ SiC^ and is an 

infrared transmitting glass.   It is a product of the Corning Glass Works, Corning, New 

York 14830.   Other names by which it is known include Corning Code 9753, glass 9753, 

CGW-Glass 9753, Corning 9753 glass, and Cortran Code 9753.   Cortran is a secondary 

trademark of the Corning Glass Works. 

This material has several interesting physical properties which lead to its suit- 

ability for airborne applications.   It melts around 1723 to 1773 K (T28664|.   According 

to the Corning Glass Works specification sheet for Code 9753, copyrighted in 1970, 

other physical properties are as follows: It has a softening point (extrapolated) of 1254K, 

an annealing point of 1105 K, and a strain point of 1073K.   The linear expansion coefficient 

between 298 and 573 K is 59.5 x KT7 C-1 while between 29.8 and 973 K it is 72 x l(r7 c-1. 

Code 9753 has a density of 2.798 g cm"3, a Young's modulus of 14.3 x 106 psi, a shear 

modulus of 5.6 x 106 psi, and a Poisson's ratio of 0.28.   The Knoop hardness is 657. 5 for 

a 100 g load and 601 for a 500 g load.   These values of hardness makes this material highly 

suitable for high-speed airborne applications and coupled with its infrared transmitting 

properties leads to its use on heat-seeking missiles.   The refractive index at 0.4867 /im 

is 1.61251, at 0.5893 fjxa. is 1.60475, and at 0.6563 jum is 1.60151.   The dielectric con- 

stant at 1 Mc and 298 K is 8.87 while for the same frequency it is 9. 51 at 773 K; it is 8.28 

at 298 K, 8. 59 at 573 K, 8.66 at 673 K, and 8.76 at 773 K, all at 8600 Mc.   The loss 

tangent at 1 Mc and 298 K is 0.0025 while for the same frequency it is 0.0029 at 773 K; 

it is 0.011 at 298 K, 0.01 at 573 K, 0.01 at 673 K, and 0.01 at 773 K, all at 8600 Mc. 

The log of the dc resistivity (ohm-cm) is 18.0 at 523 K, 15.0 at 623 K, and 11.8 at 773 K. 

a.   Normal Spectral Emittance (Wavelength Dependence) 

There are six sets of experimental data avai}able for the wavelength dependence 

of the normal spectral emittance, ^6' « 0°), of calcium aluminum silicate all of which 

apply to Corning 9753.   The data is listed in Table 8-3 acd shown in Figures 8-1 and 8-2. 

Specimen characterization and measurement information for the data are given in Table 

8-2.   Three data sets are for a specimen 0.3175 cm thick measured at temperatures 

473 to 873 K.   The remaining three data sets are for a 1.27 cm thick specimen covering 

the same temperature range. 
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It is observed that each of the six data sets is for a different combination of 

thickness and temperature and hence there is no direct confirmatory evidence for an 

individual data set.   As a consequence of this lack of confirmatory evidence, only pro- 

visional values are justified.   Two provisional curves are given for Corning 9753 for a 

specimen of 0.3175 cm with one curve applicable to 473 K and the other curve to 873 K. 

The provisional values are listed in Table 8-1 and shown in Figure 8-1.   The thickness 

of 0.3175 cm is selected so as to be close to a thickness of 0. 2 to 0.4 cm which is often 

used in reporting measurements.   These two provisional curves are the same as curves 

1 and 3 in Table 8-3 and Figure 8-1 with additional values reported.   The uncertainty 

for the provisional values is within 30%. 

It is noted that for curves 1-6 in Tables 8-2 and 8-3, data is not available for 

wavelengths below 1. 5 fffn and above 8.0 ^m.   In addition, data is unavailable over the 

entire wavelength region for temperatures above 873 K. 

Assuming that the normal spectral emittance above 8.0 jjm continues at a high 

and roughly constant value, the magnitude of emittance will be about 0.8 for a 3.175 mm 

thick specimen from 473 to 873 K. 

Corroborating evidence of a high and roughly constant value above 8 /im for a 

slightly different thickness comes from the provisional values at 293 K for a specimen 

of 2 mm thick.   These values are listed in Table 8-1 and shown in Figure 8-1.   They 

were generated by using Eq. (2.3-2) to find a and using Kirchhoff's law, Eq. (2.3-4), 

to find the normal spectral emittance.   The values of the normal spectral transmittance 

used in Eq. (2.3-2) are the provisional values listed in Table 8-12 and shown in Figure 

8-9; these values apply to a temperature of 293 K and a specimen thickness of 2 mm. 

From 5.0 to 15 /jm it was assumed the transmittance was zero.   The values of the nor- 

mal spectral reflectance used in Eq. (2.3-2) are the provisional values listed in Table 

8-5 and shown in Figure 8-4; these values apply to a temperature of 293 K and a thick- 

ness of 1.99 mm.   The uncertainty is thought to be well within 30% over most of the 

wavelength region. 
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b.   Normal Spectral Emittance (Temperature Dependence) 

No original experimental data were located for the temperature dependence of the 

normal spectral emittance of Corning 9753.   However, using the interpolated values of 

curves 1, 2, and 3 of Figure 8-1 and Table 8-3, provisional values for a specimen thick- 

ness of 3.175 mm have been derived for 2.8,  3.8, and 5.0 jon.   These provisional 

values are listed in Table 8-4 and shown in Figure 8-3.   The uncertainty of the provisional 

values is within 30^.   It is noted these values only go to 873 K and there are no values 

for higher temperatures for the thickness of 3.175 mm. 

It is observed that the value of normal spectral emittance of Corning 9753 over 

the temperature range of 473 to 873 K is a constant, to a first approximation.   Assuming 

that this constancy extends to the melting range of 1723 to 1773 K, it would be concluded 

that, in that temperature range, the numerical value of the normal spectral emittance of 

Corning 9753 would be 0.06 at 2. 8 ^m, 0.2 at 3.8 /jm, and 0.9 at 5.0 jim. 
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c.   Normal Spectral Reflectance (Wavelength Dependence) 

Only one data set was found for the wavelength dependence of the normal spectral 

reflectance.   This is curve number 5 (T = 293 K, specimen thickness 1.99 mm) with the 

data listed in Table 8-7 and shown in Figures 8-4 and 8-5.   Specimen characterization 

and measurement information for the data set are given in Table 8-6. 

\ alues for ocher conditions have been generated for the normal spectral reflec- 

tance.   Values for curve number 1 in Tables 8-6 and 8-7 were calculated using equation 

(2.6-15) which holds for a polished, uncoated, plane-parallel plate, taking into account 

multiple internal reflectance, and assuming zero absorption. The refractive index data 

was takf.» from curve number 1 in Table 8-9 and shown in Figure 8-6.   Specimen charac- 

terization and measurement information for the refractive index data are given in Table 8-8. 

Values of reflectance for a specimen thickness of 3.175 mm at 473,   673, and 

873 K were calculated from normal transmittance and normal emittance data with details 

of the calculation mentioned in Table 8-6 for curves 2, 3, and 4. 

Two provisional curves are given with one applicable to T = 293 K and a specimen 

thickness of 1. 99 mm and the other for T = 873 K and a specimen thickness of 3.175 mm. 

The latter is shown to give an indication of the effect of temperature and thickness 

change.    The uncertainty of these values can be large because of the sm: 11 values of 

reflectance involved.   However, over most of the wavelength region, the uncertainty should 

not exceed 30^.   The provisional values are listed in Table 8-5 and shown in Figure 8-4. 

It is noted that no reflectance data are available above 873 K and even the 

values for 473, 673, and 873 K do not go beyond 8 fjm. 
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d.   Normal Spectral Reflectance (Temperature Dependence) 

Using values from curves 2, 3, and 4 of the previous section, provisional values 
have been generated for 2.8, 3. 8, and 5.0 jim.   These values listed in Table 8-10 and 

shown in Figure 8-7 are valid for a thickness of 3.175 mm.   The uncertainty should not 

exceed 30%.   Note that for the three lowest wavelengths, values are not given above 
873 K and no values are given for 10.6 (im above room temperature. 
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e.   Normal Spectral Absorptance (Wavelength Dependence) 

No original experimental data were located for the normal spectral absorptance 

of Corning 9753.   However, by applying Kirchhoff's law, the provisional values of the 

normal spectral absorptance are generated which are equal to the provisional values of 

the normal spectral emittance.   For a discussion of the uncertainties see the section 

on the normal spectral emittance (wavelength dependence) of calcium aluminum silicate. 

The provisional values of the normal spectral absorptance are listed in Table 8-11 and 

shown in Figure 8-8. 

For the temperature dependence of the normal spectral absorptance, see the 

section on the normal spectral emittance (temperature dependence) of calcium alumi- 

num silicate. 
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f.   Normal Spectral Transmittance (Wavelength Dependence) 

There are 17 sets of experimental data available for the wavelength dependence 

of the normal spectral transmittance of calcium aluminum silicate, 13 of which apply 

to Corning 9753.   The data is listed in Table 8-14 and shown in Figures 8-9 and 8-10. 

Specimen characterization and measurement information for the data are given in 

Table 8-13. 

There are three data sets which are for a specimen thickness of 2.00 mm at room 

temperature (curves 1,4, and 5).   These three curves were used to determine a pro- 

visional curve.   The provisional values are listed in Table 8-12 and shown in Figure 

8-9.   For values of transmittance over 0.5, the uncertainty is within 5% but around a 

transmittance value of 0.1, the uncertainty can reach 20%.   These uncertainties are de- 

termined taking into account the slightly different thicknesses and the slightly different 

temperatures of the specimens for the data sets that formed the basis of these provis- 

ional value sets. 

In order to show the effect of Umperature on the normal spectral transmittance 

of Corning 9753, another provisional curve is given and is applicable to a specimen 2.00 

mm thick at a temperature of 1173K.   The provisional values are listed in Table 8-12 

and shown in Figure 8-9.   The uncertainty is within 20% for this set of values. 

It is noted that the provisional curve for 1173 K is above the provisional curve 

for 293 K in the region 1 to about 2.7 jjm. However, the provisional curve for 1173 K 

is below the provisional curve for 293 K in the wavelength region of 3.3 to 4.9 |im. 

For a specimen of 2.00 mm thick there is no normal spectral transmittance data 

above 1173 K and only one set available between 1173 K and room temperature.   For 

specimen thicknesses of 3.175 and 12.7 mm, the highest temperature for which normal 

spectral transmittance data is available is 873 K. 
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g.   Normal Spectral Transmittance (Temperature Dependence) 

There are 10 sets of experimental data available for the temperature dependence 

of the normal spectral transmittance of calcium aluminum silicate all of which apply to 

Corning 9753.   The data is listed in Table 8-17 and shown in Figures «-11 and 8-12. 

Specimen characterization and measurement information for the data are given in Table 8-16. 

The 10 data sets are all for a thickness of 2 mm and cover a wavelength range 

of 3. 5 to 4. 7 ^im.   The temperature range covered is from slightly over 300 K to about 

1175 K which is above the strain point (1073 K) but below the melting range (1723 to 

1773 K). 

A provisional curve is given for Corning 9753 at a wavelength of 3.8 fim.   The 

provisional values are listed in Table 8-15 and shown in Figure 8-11.   The provisional 

values were obtained by using linear interpolation between the 3. 75 /im data (curve num- 

ber 2 in Tables 8-16 and 8-17) and the 4.0 /im data (curve number 3 in Tables 8-16 and 

8-17).   Values of transmittance were read for the same values of temperatures and then 

linear interpolation performed.   The uncertainty of the provisional values are no larger 

than 15^. 
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4.9.   Magnesium Fluoride 

Since data evaluation was asked to be carried out on the specific kind of magnesium 

fluoride known as Irtran 1, the treatment in this section will concentrate on that material. 

Irtran 1, produced by the Eastman Kodak Company, is a hot-pressed, polycrystallinc 

solid of magnesium fluoride, MgF2.   The word "Irtran" is a trademark of the Eastman 

Kodak Company.   Because it is polycrystallinc it does not exhibit cleavage.   The visual 

appearance of Irtran 1 is transparent in colors ranging from tan to green [E62600]. 

According to Kodak [E62600], the long-range infrared cut-off frequency is approximately 

7. 5 jjjn for a 2 mm thick specimen for which the transmittance is 10%.    It has 

a Knoop hardness of 576 and is approximately as hard as soft steel.   The density is 3.18 

g cm"3 at 298 K.   Other physical properties include a modulus of rupture of 21,800 psi 

at 298 K, and an expansion coefficient of 11.0 x 10"6 C"1 between 298 and 473 K.   It is 

insoluble in water and there is no change in transmittance or weight upon both inorganic 

and organic chemical immersion.   It has a melting point of 1528 K [T399471 and a high 

thermal shock resistance.   It is used as windows, domes, prisms, and filter substrates 

for infrared systems. 

a.   Normal Spectral Emittance (Wavelength Dependence) 

A total of 20 sets of experimental data were located for the wavelength 

dependence of the normal spectral emittance of Irtran 1. The data are listed in Table 9-3 

and shown in Figures 9-1 and 9-2.   Specimen characterization and measurement infor- 

mation for the data are given in Table 9-2. 

Numerical values of the data are low at 4.5 jim, being less than 0.16 and above 

5.5 (jpn they increase sharply such that above 10 jjm all the data are above 0.75. There is 

a conflicting element in the data.   Stierwalt, et al. [T33450] presented data for a 2 mm 

thick specimen at 333 K (curve 17), 393 K (curve 18), and 453 K (curve 19).   Above 

10 ^m the values of the normal spectral emittance for these curves are between 0.75 and 

0.90. Hatch [T76525] presented an argument that the emittance for specimen thicknesses 

of 1 mm or greater should be greater than 0.99 from 293 to 970 K and between 10 and 

15 ym.   The argument of Hatch and the data of Stierwalt, et al. are incompatible.   As 

a consequence it was decided to consider evaluated data only within a restricted wave- 

length range of 3 to 6.4 jjin. 

Provisional values for a 2 mm thick specimen at a temperature of 293 K for a 

wavelength region of 3 to 6.4 ym are listed in Table 9-1 and shown in Figure 9-1. These 

values were generated by using the Kodak scheme, Eqs.  (2.6-13) and (2.6-15), for 
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calculating emittance from transmittance and refractive index data.   The transmittance 

data used was data from curve 22 in Tables 9-17 and 9-18.   The refractive index data 

used was taken from the data of curve 2 in Tables 9-4 and 9-5.   The refractive index 

data is shown in Figure 9-3.   Provisional valvts for a specimen thickness of 3.8 mm 
at a temperature of 589 K for a wavelength range of 3 to 6.4 jyim are given, as well 

as a set of provisional values for a thickness of 3.8 mm, a temperature of 970 K, and 

a wavelength range of 3 to 6.0 ^m.   The provisional values for 589 K are based on 

curve 8 while those for 970 K are based on curve 11.   The values are listed in Table 9-1 

and shown in Figure 9-1.   Because of the low value of emittance, the uncertainty for all 

three provisional curves can be as high as 25^. 
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b.   Normal Spectral Emittance (Temperature Dependence) 

No experimental data was found for the temperature dependence of the normal 

spectral emittance of Irtran 1.   However, using curves 8, 9, 10, and 11 of Tables 9-2 

and 9-3, a set of provisional values for a specimen thickness of 3. 8 mm and a wavelength 

of 3. 8 ym were generated.   The provisional values are listed in Table 9-6 and shown 

in Figure 9-4.   The uncertainty is assigned a value of not more than 25%. 
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c.   Normal Spectral Reflectance (Wavelength Dependence) 

Only one set of experimental data was located for the wavelength dependence 

of the normal spectral reflectance of magnesium fluoride.   The data is listed in Table 

9-9 and shown in Figures 9-5 and 9-6.   Specimen characterization and measurement 

information for the data are given in Table 9-8. 

Calculations were carried out using the Kodak scheme, Eqs. (2.6-13) and (2.6-14), 

to determine the reflectance at 293 K over a range of thickness from 0.5 mm to 12 mm 

(curves 2-7).   In addition, Hatch[T76525] presented an argument concerning the reflec- 

tance from 10 to 15 fjun with the conclusion the reflectance is less than 1% (curve 8). 

Values for a provisional curve at 293 K for a 2 mm thick specimen are listed 

in Table 9-7 and shown in Figure 9-5.   These values cover a wavelength range of 3 to 

6.4 /um to agree with the wavelength range for the provisional curve at 293 K for the wave- 

length dependence of the normal spectral emittance.   The uncertainty is thought to be no 

more than 25%. 
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d.   Angular Spectral Reflectance (Wavelength Dependence) 

One set of experimental data was located for the wavelength dependence of 

the angular spectral reflectance of Irtran 1.   Three sets are for magnesium fluoride. 

The data are listed inTable 9-11 and shown in Figure 9-7.   Specimen characterization 

and measurement information for the data are given in Table 9-10. 

All four sets are for room temperature measurements.   The one set for Irtran 1 

measured by McCarthy [T301001 is for a polished specimen 2 mm thick with the measure- 

ment taken at an angle of incidence, 6, of 30° and an angle of reflection, & , of 30°.   The 

data shows a decrease from about 0.04 at 4 ym to zero value at 9.5 fim.    Because of 

the wide range in cut off exemplified by the data for the wavelength dependence of normal 

spectral reflectance (see the section on the wavelength dependence of the normal spec- 

tral transmittance and Figure 9-12), it was decided not to give evaluated data in this 
angular spectral reflectance section. 
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e.   Normal Spectral Absorptance (Wavelength Dependence) 

Three sets of experimental data were located for the wavelength dependence 

of the normal spectral absorptance of Irtran 1. The data are listed in Table 9-14 and shown 

in Figures 9-8 and 9-9.   Specimen characterization and measurement information for 

the data are given in Table 9-13. 

The three sets of data were results of measurements by Stierwalt, et al. [1456981 

for a 2 mm thick specimen.   The measurement temperatures were 333, 393, and 453 K. 

The values are between 0.1 and 0.01 within the wavelength range 3 to 6 jim, rise rapidly 

in the range of 6.5 to 8. 5 jim, and are within the range of 0.75 to 0.9 above 10 fjpn.   This 

data is very similar to the normal spectral emittance data of Stierwalt, et al. [T334501 

in Tables 9-2 and 9-3 and Figures 9-1 and 9-2 (curves 17, 18, and 19). 

Calculations were carried out to determine the absorptance using transmittance 

and refractive index data.   See the section on the wavelength dependence of the normal 

spectral emittance for more details.   The results of the calculations are curves 4-9 in 

Table 9-14 and Figures 9-8 and 9-9. 

For wavelengths greater than 7 (jm, the calculations show the absorptance reaching 

0.98 or greater.   However, the data of Stierwalt, et al. for the lowest temperature, 333 K, 

does not reach 0.98.   The same type of difficulty manifested itself in the data for the 

normal spectral emittance. 

However, in a lower wavelength region, the calculations for a 2 mm thick specimen 

(curve 6) and the data for a 2 mm thick specimen at 333 K agree reasonably well.   There- 

fore, between 3 and 6.4 fim, the calculated values are taken as the provisional values 

for 293 K with an uncertainty of 25%.   The provisional values are listed in Table 9-12 

and shown in Figure 9-8. 

Applying Kirchhoff'slaw, equating normal spectral absorptance to normal spectral 

emittance, two more provisional curves are given (see the section on the wavelength 

dependence of the normal spectral emittance).    One applies to a specimen thickness of 

3.8 mm, a temperature of 589 K, and a wavelength range of 3 to 6.4 ^im; the other applies 

to a thickness of 3.8 mm, a temperature of 970 K, and a wavelength range of 3 to 6.0 ^m. 

These values are also listed in Table 9-12 and shown in Figure 9-8.   Because of the low 

value of absorptance, the uncertainty can be as high as 25^. 
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f.   Normal Spectral Absorptance (Temperature Dependence) 

No experimental data was found for the temperature dependence of the normal 

spectral absorptance of Irtran 1.   However, using curves 8, 9, 10, and 11   f Tables 

9-2 and 9-3 together with Kirchhoff's law, Eq. (2.3-7), a set of provisional values for 

a specimen thickness of 3. 8 mm and at a wavelength of 3.8 ym was generated.   The pro- 

visional values are listed in Table 9-15 and shown in Figure 9-10.   The uncertainty is 

assigned a value of not more than 25%. 
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g.   Normal Spectral Transmittance (Wavelength Dependence) 

A total of 30 sets of experimental data were found for tie wavelength de- 

pendence of the normal spectral transmittance of magnesium fluoride.  The data are listed 

in Table 9-18 and shown in Figures 9-11 and 9-12.  Specimen characterization and mea- 

surement information for the data are given in Table 9-17. 

The data reported by Linsteadt [T381211 (curves 8 and 9) was supposedly for 

a 1.02 mm thick specimen of Irtran 1.   However, the shape is so different from curves 

15, 21, and 26, all of which apply to an approximately 1 mm thick specimen at room 

temperature, that the conclusion is reached that the material is not Irtran 1 contrary 

to what was reported for curves 8 and 9. 

A look at curves 15 and 21 shows there is considerable difference in the high 

wavelength cut-off region.   The data of curve 15 applies to a specimen thickness of 1.02 

mm at a temperature of 300 K; the data in curve 21 applies to a specimen thickness of 

1 mm at 293 K.     Above 8 ym, curve 15 is considerably above curve 21.   In addition, 

curve 15 reaches zero transmittance at 9.93 jjm while for curve 21 it is 8. 51 pm. 

A comparison between curve 22, a specimen thickness of 2 mm, a measurement 

temperature of 293 K, and curve 1, a specimen thickness of 2 mm and a measurement 

temperature of 293 K shows differences.   For most of the wavelength region from 7 to 

10 ^m, curve 1 is considerably above curve 22.   For example, at 8 jim curve 22 is near 

zero while curve 1 is 0.432.   The absorption band in the range 2.7-2. 8 ^im aljo shows 

differences between the two curves.   Curve 1 at 2. 80 fjm is 0.607 while curve 22 is 0. 842. 

Because of these differences, a provisional curve at 293 K for a specimen thick- 

ness of 2 mm is only given for the wavelength range 3 to 7 jim.   The uncertainty at 7 ^im 

is 12% and, therefore, this uncertainty is assigned to this curve.   Those provisional 

values are based on curve 22 and the values are listed in Table 9-16 and shown in Figure 

9-11. 

Transmittance data was given by Ballard, et al. [T17017] for a 1.75 mm thick 

specimen at several high temperatures:   curve 17 at 673 K,  curve 18 at 873 K, 

and curve 19 at 1073 K.   Curve 16 is at 299 K for the same thickness.    The curves 

are identical up to 5.4 ßm but above that wavelength the effect of increasing temperature 

is to decrease the transmittance and also to decrease the wavelength at which the trans- 

mittance reaches zero.   Since the shape of curve 16, for 299 K and 1.75 mm thick, is 

different enough from curve 22 for 293 K and 2 mm thick, it is not thought justified to 

give evaluated data over a range of wavelengths for the highest temperature, i.e., 1073 K. 



However, one fact that will be used in the next section is pertinent to make here.   From 

curves 16 through 19, it is noted the transmittance has the same value for 299, 673, 

873, and 1033 K at a wavelength of 3. 8 ^m. 
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h.   Normal Spectral Transmlttance (Temperature Dependence) 

No experimental data was found foi the temperature dependence of the 

normal spectral transmlttance of Irtran 1.   However, a provisional curve at 3.8 /xni. 
with an uncertainty of 12^6, and applying to a specimen thickness of 1.75 mm is listed 

in Table 9-19 and shown in Figure 9-13.   Several considerations were relevant in arriv- 

ing at this provisional curve.   The data of curves 16, 17, 18, and 19 of the previous 

section show the transmlttance as constant at temperatures of 299, 673, 873, and 1073 K. 

The uncertainty of 12% takes account of the slight variation at 3.8 j^m by curves 2-6 of 

the previous section.   The constant value selected at 3.8 ^m was the value from the 

provisional curve in the preceding section. 
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4.10.   Pyroceram 

Pyroceram is a generic name for a group of glass-ceramic materials, which 

were developed by the Corning Glass Works, Corning, New York   14830,   The word 

"Pyroceram" is a trademark of Corning Glass Works and is registered with the United 

States Patent Office.   Pyrocerams are microcrystalline materials formed originally 

from a noncrystalline glass. 

The specific Pyroceram that is of interest for the purposes of this report is 

Corning Code 9606, therefore, specific properties mentioned in this general section 

will be for Corning 9606.   In addition, in the data sections pertaining to Pyroceram, the 

aim is to give evaluated data, when appropriate, for Corning 9606.   Data was extracted 

not only for Corning 9606 but also for any other material subsumed under the name of 

Pyroceram or that was labeled as a Pyroceramic type material.   This was done in order 

to see the similarities and differences of the various Pyrocerams with the purpose of 

aiding data evaluation. 

Corning Code 9606 is a magnesia aluminosilicate glass ceramic (composed of 

silicon dioxide, aluminum oxide, magnesium oxide, and a small amount of titanium 

dioxide).   The ingredients are melted together at temperatures of the order of 1900 K 

using special techniques to insure uniform composition, constant density, freedom from 

bubbles and striations, and uniform electrical properties.   Pyroceram 9606 is non-porous, 

considerably harder than glass, opaque, and gray in color. 

Code 9606 is primarily used in military products and specifically as missile radomes 

since it has uniform electrical properties throughout the material at elevated temperatures 

and the ability to pass R. F. signals.   Other properties which make it good for radome 

applications are good thermal shock and rain erosion characteristics. 

According to 9606 Data Sheets [A00009], its physical properties include a softening 

point of 1623 K, a density of 2.6 g/cm3, a porosity (void volume) of 0.00^, water absorption 

of 0.00^, and the property of being impermeable to gas.   Mechanical properties of Corning 

Code 9606 include a strength to weight ratio (modulus of rupture to specific gravity) of 

13. 5 x 103 psi at 293 K, Young's modulus of 17.4 x 106 psi at 293 K, a shear modulus of 

6.9 x 106 psi at 293 K, Poisson's ratio of 0.245 at 293 K, a modulus of rupture of 35 x 103 

psi at 293 K, a Knoop hardness of 619 kg/mm2 with a 500 gram load, and a Knoop hardness 

of 698 kg/mm2 with a 100 gram load.   Thermal properties include a coefficient of linear 

expansion of 57 x ICT7 C-1 over a temperature range of 293 to 593 K, a mean thermal con- 

ductivity of 0.034 W cm-1 C"1 over a temperature range of 293 to 1093 K,  a mean 

thermal diffusivity of 0.0127 cm2 s""1 over a temperature range of 293 to 1093 K, and a 



mean specific heat of 0.233 cal g"1 C"1 over the temperature range of 298 to 673 K. 

Electrical properties include a loss factor of 0. Sf at 293 K and a dielectric strength of 

350 volts rms mil"1 at 293 K and 60 cps. 

a.   Normal Spectral Emittance (Wavelength Dependence) 

There are four sets of experimental data available for the wavelength dependence 

of the normal spectral emittance of Corning 9606 as listed in Table 10-2 and shown in 

Figure 10-1.   Specimen characterization and measurement information for the data are 

given in Table 10-1. 

The data for Corning 9606 covers a temperature range of 813 to 1403 K.   Four sets 

of experimental also are available for another kind of Pyroceram known as Corning 9608 

which shows the same general trend as Corning 9606, but the values are different enough 

that using data of Corning 9608 to help in generating evaluated data for Corning 9606 is 

not justified. 

It is noted that the data for Corning 9606 are widely separated and, therefore, 

there is not enough factual evidence to justify giving evaluated values. 

The lines in Figure 10-1 connecting the data points are not meant to imply that they 

represent a smooth curve.   The data for all eight curves in Figure 10-1 and Tables 10-1 

and 10-2 were extracted from tabular data.   A smooth curve should not be drawn through 

the data points because of the widely spaced nature of the data.   In addition, it is not 

justified to generate values for a plot of normal spectral emittance as a function of tem- 

perature for 3,8 and 10.6 /xm. 

Data for the wavelength dependence of the normal spectral emittance of Corning 

9606 below 813 K and above 1403 K were not located. 
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b.   Normal Spectral Emittance (Temperature Dependence) 

There is one set of experimental data available for the temperature dependence 

of the normal spectral emittance of Corning 9606 as well as three sets for Corning 9608. 

These data sets are tabulated in Table 10-4 and shown graphically in Figure 10-2,   The 

specimen characterization and measurement information are given in Table 10-3. 

The one data set for Corning 9606 covers a temperature range of 1191 to 1456 K 

and for a wavelength of 0.665 fim.   Because of the lack of data at 3.8 and 10.6 /im, no 

evaluated values can be given. 
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c.   Normal Spectral Reflectance (Wavelength Dependence) 

There is one set of experimental data applicable to Corning 9606 and one to 

Corning 9608 for the wavelength dependence of normal spectral reflectance as listed in 

Table 10-7 and shown in Figures 10-3 and 10-4.   Specimen characterization and measure- 

ment information for the data are given in Table 10-6.   The data obtained by Olson and 

Morris fT10060l  (curve 1) is applicable only at room temperature and only covers the 

wavelength range of 0.30 to 2.7 yxn.   Confirmatory data for Corning 9606 over this wave- 

length range is lacking and no data has been found in the wavelength range of 2.7 to 

15 ^m.   In addition, no data was located above room temperature for any portion of the 

wavelength range of interest. 

Provisional values for Corning 9606 are listed in Table 10-5 and shown in Figure 

10-3.   The structure was kept at 1.36 and 1.78 ^Btn because Corning 9608 also shows this 

structure which indicates the structure is characteristic of the Pyroceram class of 

materials. 

The context within which this set of provisional values is valid is the following: 

(1) they hold for room temperature, 293 K, (2) the geometrical conditions are that 

incidence is for near normal, specifically 9 = 9°, while the viewed conditions are over 

a hemisphere, i.e., 2ir, and (3) the wavelength range covered is from 0.3 to 2.7 /im. 

The estimate of the uncertainty is that for wavelengths between 0.35 and 2.7 jjm it is 

thought to be of the order of 10% and for wavelengths less than 0.35 jitn it would be larger 

in percentage value. 



I^O 

s 
i 
S1 

i 

X p« 

o 
4 a 
9 » 

M o o 
2 z 
i- 

r »- 
a (j 

o UJ 
u -1 •» u. 
•i IU 
« (i 
a 
hi • • 
o ^ 
o 
o • 
> H- 
u. 

• 
u liJ 
o er- 

rs 
u *- 
u « 
r cr « HI 
►- a 
u 1L 

ü UJ 
J >- 
L 

: i 

a. 

-J 
<J 
I 
r»- 
O r 

«a r 
o 

> 
,? 
a. 

•       a*a)»oirtiOc*utc>(\J(\jO*K«4tCo 

o ••••••••••••••• 
L> C3O0OOC3OO000^00O 

8 
/<     II  

(MfJfMNtVJCVirjrylOJfM'VJOJtvJMC^ 

i 

-J 
c 

o»-iMtru^iri'v^«"i'OvOf^K-Kfln««««^«<o«flr»«>«^'o<c>^rr'T>«>flO«(Tvcr(T,rf,'C-' 

OOOOOOOOOOOCJOOOOOOOOOOOOaoOOOtlOOOOOOCJOO 

a«     f^ « CT> MS o     >o     a»     oin IM 
M      tr »H n ^ öD     -4     Ki     w <r u>     in     <0     ^i«     in     rttr     «     ^     K     n     ■» <f> 

iMn>o^«irtm«>\OKN-^cia>irocs«4^(\tMiMnro^4'«utmi0<oK^««o>o<cr>a 
N .......     -.•.^....................•...... 

aociooaoeooooaoo^i«i^vi^<v«wwM^r)«i'Hriv«^»4W.'4^^i«4*4iM 



d 
a: 8 
a: 

ÜJ 
o 

LU 

5 ^ 
2 IJJ 

z: o 
o 

Cfl z 
LU 
_J 
LU > 

UJ ÜJ a. u en z 

5S 
C UJ 
z a 

cr»- 
Z CD 

i-i UJ 

»-I UJ 
> > 

11 
en 

i o 

UJ 

% 
CD 

3aNB1331d3a 



f* b 
te a: 
UJ 

| 
|^ 
»—i Q- LU 

q E \J> U 

(D X -1 UJ 

iä 59 z (C UJ 
•H D Q_ 

£& 
q ifi 
10 .- _J 

«t UJ 
uj ;> 

UJ >- 

q 

• 

—< 
;»■ 

q 
cp 
o 

jwdiDJiJja 



I 
1 

5 
i 
1 

I 

i 
i 

•gag 

lit III 

L" 

II 
^T *- a* ••' 

U   4.-   3 

2 5 M <o 

III 

3 
^ 

3 

11 

\i 

m. 

i 

r 

1 ■ 

OK 



432 

z 
UI 
C3 

III 
u- 
UI 

O 

Q > p-< 

<t 
■x 
w n 

UJ »: 13 
■-« Z 
iir < 
iii t- 
o O 
<-> IÜ 
a -1 
v U. 
n. UJ 

a u. 
o • • 

^ 
Ul 
o • 
z hi 
--t 
i- * 
'5 iii 
Ü) <x 
_l 3 
lL 1- 
111 < 
fy K 

Iii 
-i Q. 
•X J: 
rv UJ 
1- t- 
o 
,iJ M 
0 | 
1/1 3 

o- * 
o X 
z 

o 
-1 z 
<f Ul 
1- -1 
-z Ul 
111 •> M 

s -J: • 
KH I 1- 
at 
Ul 

w 
Q. o 

a. U 
X «> 
u M 

• 
<- Ul 
i -< > 

•■J n' 
•H 3 

» ^ f^ ■-"  JJ  T.' -o aj ao -o   u -u  u  ^ja>u>cO^>coujiOStf^r«KN>rs.uJ<O^OUtina*w   / fj r-; '") rj 

a o a o o >.; c^ o rj o o o <j o o o o <J'CJ a ci n C> O O O CJ CD O U CS O O «O CJ O U t? a O 

f*> in N. ^ O  -f <T» *> I-» fVJ Ul OMn (^  ^ •-( O •« fl^   J' -li^ O in ^ C3 O* ID ff>   H CT (T U> >9 T* y0 O <r -0 M 
to M w fo j-  j   -f lü  o to   -.) lü f- h* «o ^ o u TH w ^ ro ro  fN o N- t-- er» ^ u» o *H CM f» ro -f m lA U> K 

oooocj'joocjtaoaoono' i(vj(Njrvj(sj(vj(vjM(Si(M(Nj{vj 

«MMtcrcjioiTiMca 
'0    t  f*J  ^J   --I  n>  *H    1*  « 
r> »J rv; i^ ir> in »o >o »>. 

ifl ca   t   ^ tf IA9 M M »40 *#  i- t» i.> (Ti o IM '^ »-* r» 
n U"* MI .i\ in in *» ^ »I 'T» o f«>   t f*» r<j »-( (r in «-i T» <o 

U   U">   ' "»   *  J   v- '   <- >   •->   '".» UMO<)i.}C3000'30rJC>u>OUOr>OOClCJ 

n <o (T» CT 
a CT* oi rj 
. < -i r j   f • •   •   • 
ci a o ci 

UJ CM > 
n; ii 

I-. o> en 
IJi »H fo 
<M fl ^ 

>o •-■> uj o< ia ift M 

r   t m o i«. N- cn n »< IM M M » ^ in ^o N. « en i" ^ ^ "i -/ 'n in >o N. 

^>uorji«r»»4»<,-«rt»HTH»^»iT4W»iT-(^i(MMrj(MnjM(M?M 

0< 
in nj 

oo <M N. .O 
n» »i M M 
nj r> M w» •    •    •   • 
•J •-» c3 o 

U 1- 



433 

d.   Hemispherical Spectral Transmittance (Wavelength Dependence) 

There are four sets of experimental data for the wavelength dependence of the 

hemispherical spectral transmittance of Pyroceram with two data sets applicable to the 

specific material of interest here in this report, i.e., Corning 9606, and two data sets 

to a different Pyroceram, Corning 9608.   The data for these four sets are listed in 

Table 10-9 and shown in Figure 10-5.   Specimen characterization and measurement in- 
formation for the data are given in Table 10-8. 

The two sets of measurements of Folweiler [T29570] (curves 1 and 2) for Corning 
9606 are both for room temperature.   One set (curve 1) is for a specimen 0.005 inches 

thick and the second set (curve 2) is for a greater thickness of 0,016 in.   As expected, 
the data for the greater thickness (curve 2) is less than the data for curve 1.   The data 

for these two sets was given in tabular form and over widely spaced wavelengths.   Because 
of this fact, no evaluated values are justified.   It should further be pointed out that straight 

lines connecting the data points, as in Figure 10-5, are not meant to imply a smooth curve 
but are done that way for ease of visual presentation. 
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e.   Normal Spectral Transmittance (Wavelength Dependence) 

A total of 23 sets of experimental data were located for the wavelength dependence 

of the normal spectral transmittance of Pyroceram.   These data sets are listed in Table 

10-12 and shown in Figures 10-6 and 10-7.   Specimen characterization and measurement 

information for the data are given in Table 10-11. 

Of the 23 data sets only nine are specifically for Corning 9606 with data of eight 

reported by Folweiler fT29570]  (curves 1-8) and data of the ninth reported by Hobbs 

and Folweiler [T39365] , (curve 17).   Data of curves 1 through 4 were given in tabular 

form and reported for integral wavelengths from 1 to 5 /im.   On the other hand, data 

of curves 5-8 were given in graphical form and hence the shape of the curves is known. 

Curves 5-8 cover the wavelength range of 1 to 5 /jm and data are reported for 293, 770, 

900, and 1040 K.   Data, of curve 17 covers the wavelength region of 1 to 5 jim and is ap- 

plicable to a temperature of 293 K. 

Provisional values for 293 K and 1040 K are listed in Table 10-10 and shown in 

Figure 10-6 and apply to a specimen 3.18 mm thick.   The values for 293 K are based 

on curve 5 while the values for 1040 K are based on curve 8.   These values are called 

provisional because of the lack of much confirmatory evidence.   The data of curve 17 

is disregarded because the preponderance of evidence shows the transmittance reaching 

zero at 5 ym (curves 1 and 5 in Table 10-12 and Figure 10-7 together with curves 1 and 

2 in Table 10-9 and Figure 10-5) whereas the data of curve 17 does not show this behavior. 

It is thought the uncertainty assigned to the two provisional curves is 20%. 
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f.   Normal Spectral Transmittance (Temperature Dependence) 

No experimental data sets specifically for the temperature dependence of the 

normal spectral transmittance of Corning 9606 were found.   However, from curves 5, 

6, 7, and 8 of the previous section (see Tables 10-11 and 10-12), the transmittance 

value at 3.80 >im is 0.485, 0.239, 0.263, and 0.219 at 293 K, 770 K, 900 K, and 1040 K, 

respectively. 
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4.11.   Silica(Vitreous) 

This material is labeled "Silica( Vitreous)" in the above heading so that in 

alphabetization this material will fall under "s'.   However, in this discussion the word- 

ing "vitreous silica" will be used for ease in reading. 

Vitreous silica is a glass which is composed essentially of SiOj. The most general 

and unambiguous term that refers to the entire range of noncrystalline silica is vitreous 

silica.   It is also known as fused silica, silica glass, and fused quartz.   Additional in- 

formation is available concerning the terminology and naming [T76945, T76946, A000261. 

The two general types of vitreous silica are transparent and nontransparent.   The latter 

arises from microscopic bubbles in the material.   The emphasis in this section is to 

give evaluated data for the transparent type of vitreous silica. 

Vitreous silica has many interesting physical properties.   One source [T34753] 

gives a range for the melting point of 1950 to 2000 K while another source [A000171 iden- 

tifies the melting point as 1996 K.   It boils at 2500 K.   The density is about 2.2 g cm~3. 

One distinction for vitreous silica is that the coefficient of thermal expansion is among 

the lowest of all known materials.   In the range of 273-573 K, the range for the linear 

expansion coefficient is between 5.4 and 5.6 x 10"* C"1. At approximately 293 K, Young's 

modulus is 730 kbar, the shear modulus 311 kbar, and Poisson's ratio 0.17.   The Knoop 

hardness falls in the range of 545-575 kg mm"2. 

a.   Normal Spectral Emittance (Wavelength Dependence) 

A total of six sets of experimental data were located for the wavelength 

dependence of the normal spectral emittance of vitreous silica.   The data are listed in 

Table 11-3 and shown in Figures 11-1 and 11-2.   Specimen characterization and measure- 

ment information for the data are given in Table 11-2. 

Stierwalt [T16961] (curve 1) reported data for a specimen 0. 84 mm thick at a 

temperature of 313 K.   Dumbaugh and Schultz [T76945] reported calculations of Parker 

for a 0.50 in. thick specimen at room temperature (curve 2) and also for a 0.250 in. 

thick specimen (curve 3).   Champetier and Friese [A00012] reported data for Optosill 

at a temperature of 373 K for parallel polarization of the light emitted (curve 4), for 

perpendicular polarization (curve 5), and for unpolarized light (curve 6). 

Above 5 ^m, all the data show the same general trend.   From 5 to 6 jjm the 

emittance is greater than 0.9.   From that region the values fall, in the wavelength range 

of 8 to 9 ^im, to a minimum.   From the minimum, the values rise and above 11 jjm the 
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values are greater than 0. 85.   In addition, above 5 Jim the data of curves 1 and 2 are 

close together.   The value of the wavelength at which the minimum occurs for two groups 

of data is different.   For curves 5 and 6 (Honeywell data), the wavelength at which the 

minimum occurs is 8.3 /ytm while for curves 1 and 2 it is 8.9 fjm. 

Calculations were carried out to determine the emittance for radiation that is 

polarized perpendicular to the plane of incidence (curves 7-9), the emittance for radi- 

ation that is polarized parallel to the plane of incidence (curves 10-12), and the emit- 

tance for unpolarized radiation (curves 13-15).   The calculation for emittance with 

radiation polarized perpendicular to the plane of incidence was carried out in the follow- 

ing sequence:  First the Fresnel equa*ion for specular reflection for radiation polarized 

perpendicular to the plane of incidence was used, Eq.  (2.4-1).   Kirchhoff's law was 

then applied and Eq. (2.4-6) used to determine the emittance for radiation polarized 

perpendicular to the plane of incidence.   The appropriate equations were used for radi- 

ation polarized parallel to the plane of incidence (see Eqs.  (2.4-2) and (2.4-7)) and 

for unpolarized radiation (see Eqs. (2.4-5) and (2.4-8)). 

The calculations of the emittance, or absorptance, using Eqs. (2.4-6) through 

(2.4-8) are based on the fact the material is opaque, i. e., the transmittance is zero. 

Champetier and Friese [A00012] reported transmittance for a 1 mm thick specimen of 

Optosil 1 at 293 K from 3.7 to 16 ^m and found it to be opaque (see curve 38, Table 11-23) 

Hence, direct evidence exists for opaqueness to 16 /jm and, therefore, calculations were 

not carried out past 16 jim. 

The Fresnel equations are functions of the index of refraction n and the absorption 

index k as well as the angle of incidence 6.   The index of refraction of vitreous silica 

is shown in Figure 11-3 and listed in Table 11-5.   Specimen characterization and mea- 

surement information for the data of the index of refraction are given in Table 11-4. 

The absorption index of vitreous silica is shown in Figure 11-4 and listed in Table 11-7. 

Specimen characterization and measurement iiJormation for the data of absorption index 

are given in Table 11-6.   Table 11-5 lists four places below the decimal point for wave- 

length values and five places below the decimal point for Index of refraction values. If 

original data was given to more decimal places, the computer program generating Table 

11-5 truncated and dropped the additional digits. The original data of curve 2 was given 

for up to five places below the decimal point for wavelength values and the original data 

for wavelength values of curves 1, 3-7, and 12 was given for up to six places below the dec- 

imal point.    The original data for index of refraction of curves 3-7 was given for six 

places below the decimal point.   The index of refraction and the absorption index values 
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used in the calculations were taken from Champetier and Friese [A00012, p. 61],   The 

index of refraction from Champetier and Friese is curve 11 in Figure 11-3 and in Tables 

11-4 and 11-5; the absorption index is curve 3 in Figure 11-4 and Tables 11-6 and 11-7. 

The Champetier and Friese data is for a wavelength range of 7 to 26 ^xm, a trmperature 

of 293 K, and is based on data in the literature.   Below 9 ^im it is based on the data of 

Zolotorev (T60820) and above 9 jim it is based on the data of Popova, Tolstykh, and 

Vorobev [E64849]. 

The calculations using the Fresnel equations were programmed and carried out 

for all wavelengths from 7 to 16 jjxn for which refractive index and absorption index data 

were given by Champetier and Friese.   The calculations are valid for an optically smooth 

surface of vitreous silica, a temperature of 293 K, and a wavelength range of 7 to 16 ^im. 

The lower range of the calculations were 7 /im since the data of the index of refraction and 

absorption index needed in the Fresnel equations only started at 7 /xm.   Optically smooth 

means the surface is "smooth in comparison with the wavelength of the incident radiation 

so that specular reflections result" [p. m, T52053]. 

Because of the comment made in [A00012) questioning the validity of the data 

reported as curves 4, 5, and 6, this data was disregarded in developing evaluated values. 

A set of provisional values for vitreous silica at 293 K is listed in Table 11-1 and shown 

in Figure 11-1.   Below 7 /xm the provisional values are based on curve 2 and, therefore, 

apply to a 0.50 in. thick specimen of Corning 7940 vitreous silica.   From 7 to 16 /im, 

the provisional values were calculated for unpolarized radiation.   The calculated provis- 

ional values hold for an optically smooth specimen at 293 K that is opaque and has a 

viewing angle of 0°. 

Because of the index of refraction and absorption index data are not themselves 

fully evaluated, the calculated emittance is called provisional.    Below 7 ypi the val- 

ues for Corning 7940 do not have supporting evidence and it is only justified in labeling 

them provisional.   Another reason for calling the calculated values above 7 /im provisional 

is that these values are close to curve 2 but do differ.   An uncertainty of within 30^ is 

therefore assigned to the provisional values.   The provisional value at 10.6 /xm of the 

normal spectral emittance at 293 K is 0.89.   It is noted that high temperature normal 

spectral emittance data was not located. 
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b.   Angular Spectral Emittance (Wavelength Dependence) 

A total of 11 sets of experimental data were located for the wavelength dependence 

of the angular spectral emittance of vitreous silica.   The data are listed in Table 11-10 

and shown in Figures 11-5 and 11-6.   Specimen characterization and measurement in- 

formation for the data are given in Table 11-9. 

All 11 sets apply to Optosil 1 and were measured at a specimen temperature of 

373 K using the Honeywell spectral emissometer.   The minin.a in the curves are closer 

to 8 jdtm than 9 /ypn which was the same phenomenon observed lor Honeywell data in the 

normal spectral emittance section. 

A set of provisional values for optically smooth vitreous silica at 293 K, a viewing 

angle 6' of 40°, and a wavelength range of 7.0 to 16.0 ym is listed in Table 11-8 and 

shown in Figure 11-5.   The values were calculated using Eqs. (2.4-1) to (2.4-5) and 

Eq. (2.4-8).   Equation (2.4-8) includes Kirchhoff's law equating the emittance to the 

absorptanc      The index of refraction and absorption index data were taken from Champetier 

and Friese IA00012] as mentioned in the section on the wavelength dependence of the 

normal spectral emittance.   Because the index of refraction and absorption index data 

are themself not evaluated and because good experimental data has not been located, 

the values for the angular spectral emittance are called provisional with an uncertainty 

which is thought to be within 30%. 
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c.   Normal Spectral Reflectance (Wavelength Dependence) 

A total of 16 sets of experimental data were located for the wavelength 

dependence of the normal spectral reflectance of vitreous silica.   The data are listed in 

Table 11-13 and shown in Figures 11-7 and 11-8.   Specimen characterization and mea- 

surement information for the data are given in Table 11-12.  Calculations were carried 

out using the Fresnel equations for specular reflection, Eqs. (2.4-1), (2.4-2), and 

(2.4-5).   These calculations appear as curves 17 to 25 in Tables 11-12 and 11-13 and 

in Figures 11-7 and 11-8. 

The data above 7 ym shows a general trend.   It rises sharply above 7.4 ^m to 

a peak at about 9 jjm and then decreases to about 0.1 at 12 jjm.   All the data is for room 

temperature, with the exception of Gaskell's [T39543] which were measuredat up to 1173K. 

Provisional values are listed in Table 11-11 and shown in Figure 11-7.   One curve 

is based on calculations using the Fresnel equations and is valid with the context of an op- 

tically smooth specimen, a temperature of 293 K, unpolarized radiation, a wavelength range 

of 7 to 16.0 jjm. an angle of incidence, 6, of 0°, and a viewing angle, 6', of (T.   The 

calculated values and curve 16 differ by about 30^ at 12. 8 ypn and, therefore, the un- 

certainty for these provisional values are within 30^.   A provisional curve for 1173 K 

is also given with a wavelength range of validity between 7.7 and 14 pirn.   These values 

are also listed in Table 11-11 and shown in Figure 11-7.   These values are based on 

curve 10 and an uncertainty of 30^ is assigned because of the lack of confirmatory data. 
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d.   Normal Spectral Reflectance (Temperature Dependence) 

No experimental data sets were found for the temperature dependence of the normal 

spectral reflectance of vitreous silica.   However, a provisional curve was generated for 

10.6 ypn from curves 5-10 of Tables 11-12 and 11-13 together with the provisional values 

at 293 K for the wavelength dependence of the normal spectral reflectance.   The values 

are listed in Table 11-14 and shown in Figure 11-9.   An uncertainty of within 30^ is 

assigned.   It is noted that from 293 to 1173 K, there is an increase in the normal spectral 

reflectance. 
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e.   Angular Spectral Reflectance (Wavelength Dependence) 

A total of 32 sets of experimental data were located for the wavelength 

dependence of the angular spectral reflectance of vitreous silica.   One additional data 

set for synthetic quartz was located and included. The data are listed in Table 11-17 and 

shown in Figures 11-10 and 11-11.   Specimen characterization and measurement informa- 

tion for the data are given in Table 11-16. Curves 20 and 21 are not shown on Figures 11-10 

and 11-11, since the computer plotting routine cannot plot 33 curves. 

The data above 1 pm are all for 293 K and is widely spaced.   Lines connecting such 

widely spaced points (see Figure 11-11) do not imply a smooth curve connecting the points 

but are used for ease in visualizing the points belonging to the same curve. 

Using the Fresnel equations, a set of provisional values was generated for angular 

spectral reflectance for unpolarized radiation (see Eqs. (2.4-1) -(2.4-5)).   The values 

are for angles of incidence and reflection of 40 , for a temperature of 293 K, and hold 

within the wavelength range of 7.0-16.0 ^xm for an optically smooth specimen.   The pro- 

visional values are listed in Table 11-15 and shown in Figure 11-10.   An uncertainty 

within 30^ is assigned. 
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f.   Normal Spectral Absorptance (Wavelength Dependence) 

One set of experimental data was located for the wavelength dependence of 

the normal spectral absorptance of vitreous silica.   In addition, two sets of experimental 

data for crystalline quartz was located.    The data are listed in Table 11-20 and shown 

in Figures 11-12 and 11-13.   Specimen characterization and measurement information 

for the data are given in Table 11-19. 

The data of Bogdan (T271411 (curve 3) is for a temperature of 293 K and covers 

a wavelength range of 0.8 to 2.60 ^m.   That data was calculated from reflectance and 

transmittance data. 

Calculations were carried out to determine the wavelength dependence of the normal 

spectral absorptance for radiation that is polarized perpendicular to the plane of incidence 

(curves 4-6), the absorptance that is parallel to the plane of incidence (curves 7-9), 

and the absorptance for unpolarized radiation (curves 10-12).   The calculations used 

the Fresnel equations, Eqs. (2.4-1)-(2.4-5), together with Eq. (2.4-8).   For a dis- 

cussion of the index of refraction and absorption index data that were used in the calcu- 

lations, see the section on the wavelength dependence of the normal spectral emittance. 

Provisional values for the wavelength dependence of the normal spectral absorptance 

were generated.    The values are listed in Table 11-18 and shown in Figure 11-12. 

The values here were equated to the provisional values for the wavelength dependence 

of the normal spectral emittance.   Below 7 ^im the provisional values apply to a 0. 50 in. 

thick specimen of Corning 7940 vitreous silica at 293 K and Kirchhoff's law was used to 

equate the normal spectral absorptance to the normal spectral emittance.   Above 7 ^im the 

provisional values are the calculated values using the Fresnel equations for unpolarized 

radiation, Eqs. (2.4-1)-(2.4-5) and (2.4-8).   The calculated values hold for an optically 

smooth specimen at 293 K that is opaque and the angle of incidence is 0°.   An uncertainty 

of 30^ is assigned.   For more details see the section on the wavelength dependence of 

the normal spectral emittance for vitreous silica.   The value of the normal spectral ab- 

sorptance at 10.6 ^im and 293 K is 0.89. 
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g.   Angular Spectral Absorptance (Wavelength Dependence) 

No experimental data sets were found for the wavelength dependence of the angular 

spectral absorptance of vitreous silica.   However, a set of provisional values is listed 

.n Table 11-21 and shown in Figure 11-14.   The values were calculated using the Fresnel 

equations for specular reflection for unpolarized radiation (see Eqs. (2.4-1)-(2,4-5) 

and (2.4-8)).   The context within which the provisional values are valid is a temperature 

of 293 K, a wavelength range of 7.0 to 16.0 /xm, an angle of incidence, Q, of 40°, and an 

optically smooth specimen.   An uncertainty of within 30^ is assigned.   See the section on 

the wavelength dependence of the angular spectral emittance for more discussion of 

the reasoning for the assignment of this uncertainty. 
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h.   Normal Spectral Transmittance (Wavelength Dependence) 

A total of 38 cets of experimental data were located and processed for 

the category of the wavelength dependence of the normal spectral transmittance of vitreous 

silica. Thedata are listed in Table 11-24 and shown in Figures 11-15 to 11-18.   Specimen 

characterization and measurement information for the data are given in Table 11-23. 

The plots of the raw data connected by lines is broken up into two figures. Figure 11-17 

and 11-18.   The reason for this is that the plotting routine can only plot 32 curves without 

repeating a symbol used to plot a curve.   Therefore, it was decided to plot curves 1 through 

30 on Figure 11-17 and curves 31 through 38 on Figure 11-18.   The same idea was used 

in showing the provisional values against the background of data points in Figures 11-15 

and 11-16. 

With the exception of the work of Gillespie, Olsen, and Nichols 1T386741 (curves 

2-5) and Kroeckel [T31344] (curves 34-36), all the reported data are for room temper- 

ature. Most of the room temperature data show the usual behavior - a transmittance 

over 80^ between 1 and 2 j^m and a cut off between 4 and 5 /im. The data not showing 

this behavior are for a specimen 0.022 mm thick (curves 15 and 16), a specimen 6500 Jl 

thick (curve 17), opal (curve 18), silica gel (curve 20), and fused quartz in 2 gm poly- 

ethylene binder (curve 21). 

A strong word of caution needs to be expressed concerning the absorption band 

that can exist in the area of 2. 8 to 2.9 jum.   The decrease in transmittance due to this 

absorption band can be very large (see curves 22, 24, and 26) or barely exist (see curve 

25).   This decrease depends on the type of vitreous silica. 

Provisional values, for various situations, are listed in Table 11-22 and shown 

in Figures 11-15 and 11-16.   One set of values is for Dynasil 1000 and holds for a 10 mm 

thick specimen at 293 K with a coverage of wavelength from 0.157 to 4.39 jim.   Another 

is applicable to a 1 mm thick specimen of Optosil 1 at 293 K.   The transmittance is less 

than 0.005 from 5 to 16 )jm.   The only high temperature data that includes 3. 8 ^m is 

the data of Gillespie [T386741 (curves 1-6) for the G.E. type 106 fused quartz kind of 

vitreous silica.   To cover the effect of temperature, two provisional curves for G.E. type 

106 fused quartz are given.   Both are for a .?. 8 mm thick specimen and polished.   One 

curve is for a temperature of 373 K and the other is for 673 K.   An uncertainty of within 30^ 

is assigned to all these curves because the transmittance values are low in some places 

with a consequently high percentage and because there is not confirmatory data for indi- 

vidual data sets. 
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i.   Normal Spectral Transmittance (Temperature Dependence) 

No experimental data sets were found for the temperature dependence of the normal 

spectral transmittance of vitreous silica.   However, a provisional curve was arrived at 

for the G. E. type 106 fused quartz kind of vitreous silica for 3.8 ym by using curves 

1-5 from the previous section on the wavelength dependence of the normal spectral trans- 

mittance.   The values are listed in Table 11-25 and shown in Figure 11-19.   The provis- 

ional values are valid for a 2. 8 mm thick specimen of polished G. E. type 106 fused quartz 

at 298, 373, 473, 573, and 673 K. 
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4.12.   Silicon 

Silicon crystallizes in a face centered cubic crystal of the A4 diamond type which 

is very stable from 293-1573 K.   The lattice parameter of high purity silicon is 5.43089 A 

at 296 K [E30683) and 5.445 Ä at 1573 K (A000071.   Its density is 2.42 g cm"3 at 293 K. 

At 300 K, the intrinsic resistivity of very high purity silicon is about 2. 5 x 105 ohm-cr... 

The energy band gap is 1.1 eV.   Silicon melts at 1687 K and boils at about 2753 K.   Below 

1273 K it is a brittle material, but it can be caused to undergo substantial plastic defor- 

mation at higher temperatures. 

The thermal radiative properties of silicon depend on the method used in producing 

the crystal, especially in the 9 j^m region where the presence of occluded oxygen causes 

a broad absorption band.   In general, the bulk oxygen content is high for crystals grown 

by the Czochralski method and other methods where there is direct contact between the 

molten silicon and silica containers, and the 9 jim peak will be correspondingly higher 

for these crystals.   Floating zone or pedestal methods have been developed in order to 

circumvent the problem of contamination of the crystal by the container.   Oxygen is 

known to be present in Czochralski-grown crystals in concentrations in the range (0. 5- 

2.0) x 1018 atoms cm"3.   Crystals grown by float zone and pedestal methods contain 

essentially no oxygen.   Pagot [E65870] and Hu and Patrick (£66704] have discussed 

various methods of determining the bulk oxygen content of a crystal and have examined 

the effect of bulk oxygen on the magnitude of the 9 ^m absorption band in crystals grown 

by the different methods. 

The thermal radiative properties of silicon may be altered by surface oxidation 

as well as by bulk oxygen occluded in crystal growth.   Silicon oxidizes rapidly at room 

temperature to form a protective layer of silica about 10 A thick,   More complete oxi- 

dation begins at 920 K but is not rapid up to about 1500 K.   The oxide layer is amorphous 

to about 1500 K, crystalline above 1500 K, and is somewhat volatile above 1873 K. 

Silicon semiconductor devices are generally protected with a silica layer by oxidizing 

at 1400-1600 K. 

Silicon is used as the starting material for silicone resins, oils, and elastomers 

and as an alloying element to strengthen aluminum, magnesium, copper and other metals, 

It has a deoxidizing effect on steel and in relatively ] \rge concentrations it confers 

chemical inertneds on ferrous alloys.   High purity silicon is used in semiconduction 

devices such as rectifiers and transistors, and In solar batteries.   High purity silicon 

has also been studied for use as an Infrared dome material for small air to air missiles 

[T107031.   For this prupose It can be used In the 1-12 ^m range up to about 520 K.   Above 
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this temperature it becomes increasingly opaque due to absorption by free carriers 

thermally excited to the conduction band.   Extremely small amounts of impurities greatly 

curtail its transmittance.   For dome construction, the most feasible fabrication method 

appears to be a form of shell casting [T48097].   The transmittance of the castings was 

found to be similar to grown polycrystalline material.   Vapor deposited domes have im- 

proved transmission characteristics in the 9 ^m region due to a lesser bulk oxygen 

content, but their transmission in the 1-8 jim region was found to be considerably lower 

than that of cast domes due to scattering by voids in the silicon about 1 ^m in diameter 

(T48097].   In applications as infrared optical components, silicon is normally coated 

with other materials in order to reduce reflection losses at desired wavelengths. 

The electrical and thermal radiative properties of silicon are significantly 

changed by additions of small amounts of impurities or dopants.   Elements of the third 

group of the periodic table (boron, aluminum, indium, gallium) can be added to pure 

or intrinsic material to produce p-typp silicon which conducts current by migration of 

electron vacancies or holes.   The int "«duction of Group V elements (arsenic, antimony, 

phosphorus) produces n-type silicon in which current is carried by migration of extra 

electrons.   The resistivity of silicon is greatly reduced by addition of these impurities, 

to as low a value as 10"4 ohm-cm.   Although very pure silicon with a room temperature 

resistivity of the order of 105 ohm-cm and which becomes an intrinsic conductor at as 

low a temperature as 313 K has been produced, the term "high resistivity silicon" in 

the following discussion has generally been applied to silicon with a room temperature 

resistivity of 5 ohm-cm or greater. 

The absorption mechanisms responsible for the main thermal radiative charac- 

teristics of silicon can be claesified into four different types [T48288]:  i)   intrinsic 

absorption associated with excitation of electrons from the valence band to the conduction 

band across the energy gap; ii)   absorption associated with impurities or defects in the 

lattice; iii)   absorption due to the presence of free carriers; and iv)   absorption due to 

lattice vibrations.   Intrinsic absorption accounts for the sharp increase of the emittance 

and sharp decrease of the transmittance of silicon at around 1 1,1m.   At longer wavelengths, 

the radiation has insufficient energy to excite an electron across the energy gap, and the 

absorption and emittance are low with correspondingly high transmittance.   In the 6-15 ^m 

wavelength range, absorption bands associated with lattice vibrations are evident.   At 

room temperature, absorption due to free carriers is not great for silicon of ordinary 

purity, but as the temperature is raised, the silicon becomes intrinsic as electrons are 

thermally excited to the conduction band.   The free carrier absorption increases rapidly 

with temperature and finally becomes the dominant absorption mechanism. 
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It should be noted that the following sections concentrate on pure silicon with 

relatively low dopant levels.   The experimental data for doped silicon samples shown 

in the following tables and figures by no means represent an exhaustive coverage of the 

available data for doped samples in the 1-15 /im range. 

a.   Normal Spectral Emittance (Wavelength Dependence) 

Fifty-one experimental data sets for the wavelength dependence (1-14 /im) of the 

normal spectral emittance of silicon covering the temperature range 77-1075 K are 

shown iii Table 12-3 and Figures 12-2 and 12-3.   Of the 51 data uets, 30 sets are for 

specimens with relatively low dopant levels and high resistivities.   Data for relatively 

pure specimens are shown in Figure 12-2 and for doped, low resistivity specimens in 

Figure 12-3. 

Silicon is a partially transparent material to which the McMahon (T20468) 

relations (Eq. 2.6-10 to 2.6-12) apply.   As the relations indicate, the normal spectral 

emittance of silicon depends on the thickness of the specimen, unless the specimen is 

thick enough or at high enough temperatures to ')e opaque.   In this case, the normal 

spectral emittance is given by Eq. 2.6-1, where p(X, T) is the single surface reflectance 

given by Eq. 2.4-11 and Eq. 2.6-6.   For high purity silicon in the 2-15 /im wavelength 

range, the index of absorption is small compared to the refractive index and can be 

neglected in Eq. 2.4-11.   Both measurements of the refractive index and of the reflec- 

tance of opaque specimens indicate that the single surface reflectance of polished, high 

purity silicon at room temperature has a nearly constant value of 0.30 over the entire 

2-15 /im wavelength range.   The room temperature emittance of a polished, opaque 

specimen of relatively pure silicon can therefore be given as 0. 70 in the 2-15 /im region. 

The uncertainty of this value should not be greater than ± 5^. 

The normal spectral emittance of transparent specimens of rebMvely pure silicon 

has been extensively investigated by Stierwalt (T16961, T28823] (curves 25-38) Stierwalt 

and Potter [T32537]  (curves 4-9) and Sato [T41640J (curves 39-45).   Stierwalt, inves- 

tigating primarily the emittance due to lattice vibrations, observed emission bands at 

5.85, 7.0, 7.8, 9.0,  10.4,  11.3,  12.25, 12.8, and 13.6/im.   Both n-type and p-type 

silicon show the same emission bands.   The 9 /im band is due to bulk oxygen impurities. 

Stierwalt found that the 9.0 and 11.3 /im bands shift to longer wavelengths as the tem- 

perature is increased, the shift being about 0.1 /im when the temperature was raised from 

333 U 433 K.   Sato and other investigators have observed similar lattice emission bands. 

Sato found, from measurements on a 15 ohm-cm, n-type specimen, that the lattice emission 
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increases with temperature from 340 K, reaches a maximum at 493 K, and then decreases 

with further increasing temperature. 

The recommended values for 330 K shown in Table 12-1 and Figure 12-1 are based 

on Stierwalt's data (curve 25) for a 2.03 mm thick, n-type, 30-60 ohm-cm silicon single 

crystal.   In the 1-3 yja. region, the recommended values were generated in a manner 

consistent with transmittance and reflectance data and with ihe general trend of Sato's 

data for higher temperatures.   Stierwalt's data were not followed closely in the 9 ptm 

region; rather, an average peak height was chosen for the emission band due to occluded 

oxygen, because the height of the peak is known to vary greatly according to the method 

used to grow the crystal.   Stierwalt also performed measurements (curves 4-9, 31-34) 

on two 1.68 mm thick, p-type samples of similar resistivity.   In the 7-14 ^im region, 

these samples show a lower emittance than the slightly thicker n-type sample.   Thus, 

the 330 K recommended values may be considered to apply to a 2 mm thick, n-type 

silicon single crystal of relatively high purity and resistivity.   They do not apply to 

highly doped specimens. 

The uncertainties of the values recommended for 330 K vary according to the 

wavelength.   Due to the rapid increase in emittance near the absorption edge (1-1.5 ^m), 

the values in this region must be considered typical only; their uncertainty may be as 

great as 50^.   In the 2-5 pra region, the emittance is very small, varying from about 

0.01 to 0. 03 for the n-type and p-type specimens with thicknesses of about 2 mm.   In 

the 6-14 /im range, the uncertainty should not be greater than ± 15^, with the exception 

of the 9 /tm emission peak, where experimental measurements for crystals grown by 

different methods may differ from the tabulated values by as much as 80-90f. 

The recommended values for 1075 K shown in Table 12-1 and Figure 12-1 are 

based on Sato's data (curve 45) for a 1.77 mm thick, n-type, 15 ohm-cm single crystal. 

At this high temperature, silicon is opaque in the 2-15 ^m range, and absorption due to 

free carriers dominates the lattice absorption.   Sato's data shows that the normal spectral 

emittance is within ± 5^ of 0.710 over the entire 2-15 jum range.   This value for the 

emittance, along with Eq. 2.6-1 for opaque materials, gives a single surface reflectance 

of 0.290 at 1075 K, which compares favorably with the room temperature value of 0.30. 

Because of the high temperature opacity of silicon, the 1075 recommended values are 

applicable to relatively pure, high resistivity, single crystal silicon of any thickness. 

The uncertainty of the recommended values should not exceed ±8^6. 

No recommendations have been made for highly doped p-type or n-type specimens. 

The normal spectral emittance of silicon specimens which are sufficiently doped to be 
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opaque can be calculated by use of the free carrier absorption theory.   Using this theory, 

Sato [T41640] performed calculations (curves 50, 51) at 543 and 893 K which show good 

agreement with experimental data (curves 46, 49) for an n-type specimen.   Calculations 

performed by Liebert [T47262], showed agreement with experimental data to within 14^, 

for both n-type and p-type specimens for temperatures from 300 to 1075 K and wave- 

lengths from 3. 5 to 14.8 /im.   The Hagen-Rubens theory is inadequate for doped silicon 

in the 1-15 /im region [T47262J. 
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b.   Normal Spectral Emittance (Temperature Dependence) 

Only five papers have reported the normal spectral emittance of high purity silicon 

at higher than room temperatures.   Only three of the five have reported measurements 

in the 1-15 (im range.   The available experimental data, covering a temperature range 

from 300-1075 K, are shown in Figure 12-5 and Table 12-6.   The data of curves 5 through 

18 were obtained by reading points from the spectral curves of Section 12.4. a at the se- 

lected wavelengths of 2. 8, 3. 8, 5.0, and 10.6 (im. 

The recommended values shown in Table 12-4 and Figure 12-4 are based on the 

data of Sato [T416401 (curves 11-14) at tempcvatures above 550 K and on the data of 

Stierwalt tT169611  (curves 5-10) and Stierwalt and Potttr [T325371   (curves 15-18) be- 

low 550 K.   The samples used by Stierwalt and Stierwalt and Potter were high resistivity, 

2.03 mm thick (n-type) and 1.68 mm thick (p-type) single crystals, while Sato's sample 

was a 1.77 mm thick, n-type single crystal.   The tabulated values for the selected wave- 

lengths were obtained by drawing an average curve through the data for the 2.03 and 

1.68 mm thick samples in the 300-550 K range and smoothly joining it to the higher tem- 

perature data for the 1.77 mm thick sample.   Consequently, at the lower temperatures, 

the tabulated values are applicable only to samples about 2 mm thick.   However, at tem- 

peratures above about 800 K, silicon of ordinary purity becomes opaque to radiation in 

the 2-15 (im range and the normal spectral emittance no longer depends on the thickness 

of the sample.   Above about 800 K, therefore, the tabulated values are applicable to pol- 

ished high resistivity, single crystals of any thickness.   In this temperature region, 

the emittance converges to a value of about 0.710 for all wavelengths in the 2-15 (im re- 

gion.   Sato's measurements show that this value does not vary significantly with increas- 

ing temperature in the 900-1100 K range.   Assuming that this trend continues, the constant- 

valued curves have been extended, provisionally, to 1600 K. 

The 0.710 value of the emittance for opaque specimens gives a value of 0.290 

for the single surface reflectance.   As mentioned in the previous section, a variety of 

experimental evidence confirms a value of 0.30 for the single surface reflectance of 

polished relatively pure silicon at room temperature for 2-15 /im radiation.   This sup- 

ports the high temperature emittance values, if the single surface reflectance does not 

vary greatly with temperature.   Measurements of the absorption coefficient and refrac- 

tive index at high temperatures indicate that the single surface reflectance does indeed 

maintain a value near 0. 30 at high temperatures. 

The tabulated values for 2. 8, 3.8, and 5.0 (im in the 300-700 K range must be 

considered typical only.   Their percentage uncertainty is high (as great as 80-90%) both 
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because of the method used to generate them and because the emittance is very small 

in this range.   The uncertainty of the values for 10.6 ym radiation should not exceed 

± 15% in the 300-700 K range.   From 800-1100 K, the uncertainty of the values for all 

wavelengths is believed to be no greater than ±8%.   From 1100-1600 K, the values arc 

extrapolated, but should be accurate to within 30%. 
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c.   Normal Spectral Reflectance (Wavelength Dependence) 

Twenty-four experimental data sets for the wavelength dependence (1-14 ßm) 

of the normal spectral reflectance of silicon are shown in Table 12-9 and Figure 12-7. 

All of the measurements were made at room temperature for single crystal specimens. 

Of the 24 data sets, 8 sets are for specimens of relatively high purity. 

The recommended values for 330 K shown in Table 12-7 and Figure 12-6 were 

calculated from bf recommended values for the normal spectral emittance at 330 K 

by use of the McMahon (T204681 relations (Eq. 2.6-10 to 2. 6-12).   Equation 2.6-12 

for the normal spectral emittance, e, can be rearranged to yield 

where a is the absorption coefficient, d is the thickness, and R is the single surface 

reflectance of a plane-parallel specimen.   As discussed in the previous sections, the 

single surface reflectance (i, e., the reflectance of an opaque specimen) of silicon near 

room temperature is 0.30 in the 2-15 /im range.   Using this value, and the recommended 

emittance values, ad was calculated from Eq. 4.12-1 and used in the McMahon relation 

(Eq. 2.6-11) to determine the normal spectral reflectance.   The 330 K values are 

applicable to a 2 mm thick, silicon single crystal of relatively high purity and resistivity. 

In the 1.5-8 ^m wavelength range, the 330 K recommended values agree with the 

data of Vasilev, et al. [T49418] (curve 24) and Fray, et al. IT41607|  (curves 20, 21) 

to within 5^ and with the data of Sato [T416401 (curve 22) to within 10^.   These inves- 

tigators did not specify the thickness of their samples.   In this wavelength range, the 

normal spectral emittance is quite low and the normal spectral reflectance approaches 

the 0.46 value predicted by the McMahon relations for negligible absorption and emission. 

It is worthwhile to note that the 0.46 value is accurate to within 15^ for any specimen 

whose emittance is 0.20 or less.   According to measurements by Stierwalt [T32537] 

(curves 8,9 of Section 4.12.a), this criteria is satisfied in the 2-6. 5 /um range by 

specimens as thick as 13 mm, so the recommended values are applicable to a rather 

wide range of thicknesses in the 2-6.5 ^m range.   In the 1. 5-8 jjm range, the uncertainty 

of the 330 K recommended values should not exceed ± 10^.   In the 8-14 ßm wavelength 

range, there is no experimental reflectance data which can be meaningfully compared 

with the recommended values.   However, the uncertainty of the values in this range is 

believed to be no greater than ± 15^.   The uncertainty may be greater in the 9 ^m region 

due to differences between crystals in the bulk oxygen content. 
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The 1075 K recommended values were obtained from the normal spectral emittance 

data of Sato [T41640] (curve 45 of Section 4.12.a).   Silicon of ordinary purity is opaque 

in the 2-15 ^im region at this high temperature, because of absorption due to free carriers, 

and the sum of the normal spectral emittance and the normil spectral reflectance is 

unity.   The values are applicable to plane-parallel, polished, silicon single crystals 

of relatively high purity and of any thickness.   The uncertainty of the 1075 K recommended 

values is believed to be within ± 10^ in the 2-15 ^im wavelength range. 

For applications as infra-red optical components, silicon is often coated with 

other materials designed to reduce reflection losses in specified wavelength ranges. 

The thermal radiative properties of these systems of silicon plus anti-reflection coatings 

may be markedly different from those of silicon alone.   Surface oxide layers produced by 

high temperature atmospheric heating of silicon also alter the reflectance properties, as 

shown by curves 22 and 23 by Sato [T41640]. 

The reflectance of silicon may change greatly when it is strongly excited by laser 

radiation.   Bobrova, et al. [T76806] measured the reflectance at 10.6 ^im of a high re- 

sistivity silicon specimen under excitation by a ruby laser (0.6943 ypn) •   They found 

that the reflectance first decreased from 0.30 to 0.19, and then increased to 0. 50 as 

the excitation intensity was increased.   The minimum reflectance occurred at an exci- 

tation intensity of about lO24 kW cm-2 s"1.    Birnbaum and Stocker [A000029] found that 

the reflectance at around 0. 5 /im (argon-ion laser) of a silicon specimen under excita- 

tion by a ruby laser increased by as much as 60%.   Other investigators fA000031, T77096, 

T36227, T35800, T36304] have observed similar changes in silicon and other semicon- 

ductors.   Gauster and Bushneil [T370211  and Reintjes and McGroddy fT77510] have 

observed related increases in the absorption of silicon when excited by laser radiation. 

These effects have been attributed both to the presence of a thin metallic surface layer 

produced by melting and to the presence of a high concentration of non-equilibrium charge 

carriers generated by the laser radiation. 
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d.   Normal Spectral Absorptance (Wavelength Dependence) 

•No experimental data for the normal spectral absorptance of silicon have been 

reported as such.   However, Kirchhoff s law, stating that the absorptance of a specimen 

is equal to its emittance, is valid for normal spectral properties.   Consequently, the 

values recommended for the normal spectral emittance of silicon in Section4.12. a are 

repeated in Table 12-10 and Figure 12-8.   The 330 K recommended values apply to a 

2 mm thick, n-type single crystal of relatively high purity and resistivity.   The 1075 K 

recommended values are applicable to relatively pure, high resistivity, single crystal 

silicon of any thickness.   The uncertainties of the tabulated values were discussed in 

Section 4.12.a. 
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e.   Normal Spectral Absorptance (Temperature Dependence) 

No experimental data for the temperature dependence of the normal spectral 

absorptance of silicon have been reported as such.   However Kirchhoff's law, stating 

that the absorptance of a specimen is equal to its emittance, is valid for normal spectral 

properties.   Consequently, the values recommended for the normal spectral emittance 

of silicon in Section4.12.bare repeated in Table 12-11 and Figure 12-9.   As discussed 

in Section 4.12.b, the tabulated values are applicable only to samples about 2 mm thick, 

at the lower temperatures.   Above about 800 K, however, the values are applicable 

to polished, high resistivity, single crystals of any thickness because of silicon's high 

temperature opacity.   The values above 1100 K are extrapolated.   The uncertainties of 

the tabulated values were discussed in Section 4.12.b. 



s 
I 
UJ 
a 
o 

o 
o ^* 
-i ■ 
t^ » 
w UJ 

>■ 2 
K < 
M »- a > 0. _i 
>-t K 4 
H- o ^' 
M <o M »-• m >-   V  vi- ^ « oc O   • 
U> O   k-l   O 
fV •• I   .< 

V UJ »- 
I -J      tl 
V? g 

H o r 
H ►- x r-< 
2 •-« • (/5 M 
Up U.I 
c 

2 
U 1- <_) «3 
:■ a 
<i Ul •- a 
a. r Ö _J 5 UJ « 
P »- t- 
IT 1/) 
c- •• V   V 
<. 1 a e e> 

o •-•   • 
-) X ir 
■J ■ IU   1- 
u- /< _i        II 
K- 3  T 
'-■) » H z r ^< 
UJ T M 
Q. N i/i rj 
I'l 

-1 u 
«I -J 
1 Ul 
ft * 
'-) •3 

3 
w ■ -< 

o <i 
•u ►- 
o «« 
X >■ y .^ a. o » 

1 O M     • 
x m 

o UJ t- 
u _i      ii 

HI H ii^ 

<< 
ino<cmoajJ(vJO<ro^eai|Oeeo,oCM<\je>oe^«D\evOtOi0<O>ou>(S 

OOO^OCIC3i300C30CTOe' ^eoueooeoeeeoeaoOO 

>u>oiAeinouNeir>r>ij>c3ooooec3oeoeooeeoeau\00 

»<  «H  «H  — — 

rerrrrtpireiaiop««« << 
*- u> u   ^i  -j f^-  r^ O1 u* u^ CP «i rj  r^   riV^-^Ov^^jUtO^U-u^aJUJtifuJUJUJ^^ 

ocjoL>ooooo'3v4«H^r^rsiFO.^.}Ut.j^tO«i>KN>N>K^KKN>Kh- 
c-> -^ t ■ ti CJ --'  c j o r   rD CJ »_, c_<  cr' ir) e   o c^ t     < i t    c?&rioc3or-i< ,oo 

o*-»ni/>r^ifsr^or>f->»-»r>»-irDc-»r^e1»o^^'^'-)d<^r?»c»ooc9^3r5i^oO 

<sa>(Dcnirtfa><Di9««« ^ ^ 
•4«4(M<\j(\i(\jK-,ju>h-(r^'ov£'otr>v4(r<c>o>4^r>a,'4v4»4«4«i«4v4  
isuoouiuoaouowoi^rjcunro^te. tOtijiii>CN'r^KKh-f>N>^K 
oooaeooouoooeacaooooooooooooooeo OO 

oocinou\ooc3oooc3aooeoeoooooeoooec>ir>00 
'9USo'<Ju>r>.oM«ii)eo<M^tO«oc\j4'>o<soM^<o«'>if\amN.Oo 

Q. > 

Vt 

K u e 
X  fM 

UJ t- 
_l N 

X X ^ 
M 

0) CD IS ffi CD 0 o m 0 « « 4 << 
e(vjN.(r.4iMtf<o«ii>(^rv>ovO<i>4r'>fvi-*^<T<(T>OKi\jU><vj(u'<j<\jivi<Si(\i(\j f\jnroio^^^4into«'3<Njine^iu>.^K,o<tno««o«4<4>4«4«4«4  
r3C9aoe>oooec3o«4«-4«4«-i<Nj(vjP)^.^u%\O(0«OK^^KN>KK.KK 
ooooeaooooooooooooooooacsoeeeeooOO 

aooirtoirtoaaoooooooaooooaooooaooouxOO 
i-JincjiNjmr-orj-rjjKicjrjjaicoiJM-iajiDopjjjjcooifvtJu^^-Oo 



572 

33NöidM0SaW 



573 

f.   Normal Spectral Transmittance (Wavelength Dependence) 

Thirty-one experimental data sets for the wavelength dependence of the normal 

spectral transmittance of silicon covering the temperature range 20-673 K are shown 

in Table 12-14 and Figure 12-11.   Of the 31 data sets, 27 sets are for specimens of 

relatively high purity. 

The recommended values for 330 K shown in Table 12-12 and Figure 12-10 were 

calculated from the recommended values for the normal spectral emittance at 330 K by 

use of the McMahon [T20468] relations (Eq. 2.6-10 to 2.6-12).   Equation 2. 6-12 for 

the normal spectral emittance, c, can be rearranged to yield 

^(V^lr) (4-12-1) 
where a is the absorption coefficient, d is the thickness, and R is the single surface 

reflectance of a plane-parallel specimen.   As discussed in previous sections, the single 

surface reflectance of silicon is 0.30 in the 2-15 ^m range.   Using this value, and the 

recommended emittance values, the product ad was calculated from Eq. 4.12-1 and 

used in the McMahon relation (Eq. 2.6-10) to determine the normal spectral transmittance. 

The recommended values are applicable to a 2 mm thick, silicon single crystal of 

relatively high purity and resistivity. 

In the 1. 5-6.5 ^m wavelength range, the normal spectral emittance of a 2 mm 

thick sample is quite low, and the normal spectral transmittance approaches the 0. 54 

value predicted by the McMahon relations for negligible absorption and emission and a 

single surface reflectance of 0.30.   It is worthwhile to note that the 0.54 value is accurate 

to within 15< for any specimen whose emittance is 0.13 or less.   According to measurements 

by Stierwalt [T32537] (curves 8, 9 of Section 4.12.a), this criteria is satisfied in the 

2-6. 5 ^im range by specimens as thick as 13 mm, so the recommended values are appli- 

cable to a rather wide range of thicknesses in the 2-6. 5 /xm range.   In the 1. 5-6.5 ^m 

range, the recommended values agree to within i 5^ with the data of Labaw, et al. [T27345I 

(curve 7) for a 6.4 mm thick specimen; Cox, et al. [T4RS431 (curve 9) for a 1. 5 mm 

specimen; Kraushaar [T10703| (curve 11) for a 4.16 mm specimen; Fray, et al. [T416071 

(curves 15,16); Sherman and Coleman [T64446J (curve 28); and Vasilev, et al. [T49418] 

(curve 30).   They agree to within ± 10^ with the data of Gillespie, et al. [T208101 (curves 

2,3) for a 2,79 mm thick specimen; Kraushaar [T10703) (curve 10) for a 0.66 mm 

specimen; DeWaardand Weiner [T363711 (curve 19) for an 11 mm specimen; Meyer 

[E58966J (curve 29); and Beam, et al. (T28949] (curve 31).   The uncertainty of the 

330 K recommended values is believed to be within ± 10^ in the 1. 5-6. 5 ßin wavelength range. 
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In the 6. 5-15 ^m range, absorption is no longer negligible, and the transmittance 

depends more strongly on the thickness of the specimen.   In this region, the data of 

Gillespie, et al. [T20810] (curve 2) for a 2.79 mm thick specimen agrees with the 

recommended values to within ±10^, as does the data of Salzberg and Villa [E3900] 

(curve 32).   The uncertainties of the 330 K recommended values should be within ±15^ 

in the 6.5-15 ^im range.   As mentioned previously, the values reported in the 9 /im 

region should be considered typical only because of large differences in the amount 

of oxygen occluded in the process of growing single crystals by different techniques. 
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g.   Normal Spectral Transmittance (Temperature Dependence) 

The available experimental data for the temperature dependence of the normal 

spectral transmittance of silicon are shown in Table 12-17 and Figure 12-13.   Only 

Gillespie, et al. [T20810] (curves 1-4) and Kraushaar [T107031 (curves 5-7) have 

reported the normal spectral transmittance above room temperature.   The data of these 

curves were obtained by reading points from the spectral curves of Section 12.4. f at 

selected wavelengths of 2.8, 3.8, 5,0, and 10.6 urn. 

In the 300-700 K temperature range, the recommended values shown in Table 

12-15 and Figure 12-12 were calculated from the recommended values for the normal 

spectral emittance given in Section 4.12. b by use of Eq. 4.12-1 and the McMahon 

relation (Eq. 2.6-10), in a manner similar to that described in the preceding section. 

Refractive index and absorption coefficient measurements indicate that the single sur- 

face reflectance does not vary greatly with temperature, and the room temperature 

value of 0.30 was assumed to hold at higher temperatures.   The recommended values 

are subject to the same restrictions as discussed in Section 4.12.b; they apply only to 

polished, plane-parallel, relatively pure single crystals which are about 2 mm thick. 

Both the experimental data and the calculations from emittance data show that 

the transmittance of relatively pure silicon drops rapidly toward zero above about 

600 K, for the wavelengths of interest.   Above about 800 K, the 2 mm thick specimens 

are completely opaque.   This rapid drop in transmittance with increasing temperature 

is the result of the thermal excitation of electrons to the conduction band, with conse- 

quent absorption due to free carriers.   The experimental data exhibit a sharper drop 

to zero transmittance than do the calculations from emittance recommendations.   The 

more rapid drop of the experimental data was followed in generating recommended values 

in the 600-800 K range. 

In the 300-600 K temperature range, the uncertainty of the recommended values 

is believed to lie within ±15^.   At greater temperatures, the high slope of the curves 

as the transmittance drops rapidly to zero   results in larger uncertainties. 

Above 600 K, the general trend of the transmittance to zero can be accepted 

without reservation, but the tabulated values should be considered typical only. 
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4.13.   Silicon C arbide 

Silicon carbide is usually fabricated by heating carbon and silica sand in an oven. 

The material is a bluish-black iridescent crystal with hexagonal or cubic structure. 

The molecular weight is 40.10.   The theoretical density is 3.217 g cm"*3.   It sublimates 

by decomposition at >2400K. It is one of the hardest substances in existence, measuring 

about 9 on Mohs scale hardness.   Its fiber has a tensile strength of 3,000,000 psi.   The 

thermal conductivity of a very pure and very dense silicon carbide specimen is compar- 

able to that of metals in the neighborhood of room temperature.   The coefficient of linear 

thermal expansion is about 4 x 10"6 K"1.   This substance is soluble in fused alkalies, 

but is insoluble in water or alcohol. 

Silicon carbide is widely used as high refractory material.   Its high purity single 

crystals are used as semiconductors, especially at high temperature applications.   Its 

fibers are used as reinforcement material with plastics. 

Industries manufacture various forms of silicon carbide.   One of them is carborundum. 

Optically, carborundum crystallites in various sizes appear from transparent to opaque, 

and from colorless to deep blue-black.   The density ranges from 3.06 to 3.20 g cm"3. 

It oxidizes slowly above 1273 K.   It is commonly used for grinding and polishing.   Globar 

is another form of silicon carbide which is widely used as a source of infrared energy. 

Its working temperature is up to 1783 K, and may be extended to 1922 K for a short per- 

iod of time.   The coefficient of thermal expansion is low.   The structure is not affected 

by quick heating or abrupt cooling.   Its electrical resistivity remains almost constant at 

above 755 K.   It is an excellent material for resistors and heating elements. 

a.   Normal Spectral Emittance (Wavelength Dependence) 

A total of 23 sets of data are available.   Most of them were measured in the range 

of about 1 ^m to 15 ^m.   Measuring temperature ranges from 755 K to 2500 K. 

All the data sets show a deep minimum at about 12.6 jjm, and all except the data 

of Blau and Jasperse rT32045] (Figure 13-2, curves 3-6) have a shallow minimum at 

about 9.2 jjm.   A rather small peak is located around 10.4 ßm.   No obvious reason is 

conceived to account for this difference.   For many data sets the values tapered off below 

3 /jm.   This behavior was probably caused by the oxidation of the specimens and by the 

error in matching the temperature of the specimen and the blackbody standard [T20946] . 

The specimen was as thin as 100 ym (Figure 13-2, curves 16-18), but the data show no 

apparent differences compared to that of the thick specimens. 



ov<± 

One curve is recommended for the Globar from Carborundum Company.   The 

curve conforms to the data of Mitchell |T25673| (Figure 13-2, curve 9), except between 

2 and 6 jjtm, where the curve follows the shape of Silverman's data [T007581 (Figure 

13-2, curve 1) corrected by Morris 1T20946].   A shallow minimum around 4 ym is inter- 

preted as caused by a slight oxidation of the specimen in normal circumstances, i. e., 

the specimen has never been heated in air at elevated temperature over an extended per- 

iod.   The values are recommended fo» the specimen temperature of 1400 K.   Two parallel 

curves were generated for room temperature and 2400 K.   The values at 1400 K are be- 

lieved to be accurate to within 5% of the true values.   For other temperatures, the same 

set of values are believed to have an uncertainty of 5 to 10% above 700 K, and 10 to 15% 

below 700 K. 

One -nore curve is presented as provisional for a roughly polished bulk specimen. 

The curve follows the data of Stewart and Richman [T08277, T407981  (Figure 13-2, curves 

11-14 and 19-22).   Since the specimens are not well-defined, the values cannot be applied 

accurately to any polished specimen.   The provisional values are applicable to averagely 

polished specimens at 1000 K, and two parallel curves were generated for room temper- 

ature and 2400 K.   The uncertainty of these values may be up to 20 to 30% for some 

specimens. 

For thin films with thickness in the order of lO"1 jjim or thinner, they have very 

low emittance values between 1 and 15 j^m. No recommendation is made due to lack of 

data. 

The recommended and the provisional curves are shown in Figure 13-1 and the 

experimental curves are shown In Figure 13-2.   The recommended values, the exper- 

imental measurement information, and the experimental data are tabulated in Tables 

13-1, 13-2, and 13-3, respectively. 
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b.   Normal Spectral Emittance (Temperature Dependence) 

A total of 11 sets of data are available.   Five sets of the data were measured 

below 1 ßtn.   The remaining data were measured between 2 and 12 jum at temperatures 

ranging from 1000 to 1800 K. 

The data measured between 2 and 12 jim show a positive but weak dependence 

on temperature.   This fact is supported by Dubrovskii's measurements [T62013]  (Fig- 

ure 13-2, curves 16-18) at higher temperatures for a single crystal and by Morris' values 

(T20946] at 395 K for Globar.   The temperature dependence is assumed linear for sim- 

plicity.   The slope is determined by the data of BriiVel [T02147] (Figure 13-4, curves 

3-6 and 9) and Dubrovskii.   Using this slope value, four curves were generated as rec- 

ommended for Globar at 2. 8, 3.8, 5.0, and 10.6 j^m from room temperature to 2400 K. 

The uncertainty is believed to be 5 to 10% below 800 K, 5% from 800 to 1800 K, and 10% 

above 1800 K.   For polished bulk material, four similar curves were generated as pro- 

visional.   The unceitainty is believed to be as high as 30% for some specimens. 

The recommended curves are shown in Figure 13-3 and the experimental curves 

are shown in Figure 13-4.   The recommended values, the experimental measurement 

information, and the experimental data are tabulated in Tables 13-4, 13-5, and 13-6, 

respectively. 
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c.   Normal Spectral Reflectance (Wavelength Dependence) 

A total of 38 sets of data are available.   Fourteen sets were measured on single 

crystals, two on thin films, and seventeen on compact powder specimens. 

Only three sets of data were measured for polycrystalline specimens, and two 

of them were measured at below 2.7 ym (Figure 13-6, curves 2 and 3).   Chang's data 

[T42979]  (Figure 13-6, curve 7) were measured at room temperature from 2 to 30 jjm. 

The specimen was supplied by Carborundum Company, but without any detailed descrip- 

tion.   The behavior of this set of data is not consistent with any of the emittance data. 

Thus no recommendation was generated based on the experimental reflectance data. 

Provisional values were derived from the recommended curves of emittance, assuming 

the transmittance is negligible, for polished bluk material at 293 K and 2400 K.   The 

error is estimated to be 20 to 30%.   A pair of curves were generated the same way for 

Globar.   Since the absolute values of the derived reflectance of Globar are small, they 

can only be considered as typical. 

Provisional values at 293 K were generated in accordance with the data of Spitzer, 

et al. [T32822] (Figure 13-6, curve 25) for a thin film 0.06 ym thick.   The uncertainty 

ic estimated to be 15 to 30%. 

The provisional and typical curves are shown in Figure 13-5 and the experimental 

curves are shown in Figure 13-6.   The provisional and typical values, the experimental 

measurement information, and the experimental data are tabulated in Tables 13-7, 13-8, 

and 13-9, respectively. 
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d.   Normal Spectral Absorptance (Wavelength Dependence) 

Only four sets of data are available.   Three of them were measured below 1 ^m. 

The remaining one [T32388] was measured between 0.4 and 2.6 ^pn for Globar without 

any detailed description about the specimen. 

It is impossible to generate recommended curves from the meager experimental 

data.   However, it is adequate to apply Kirchhoff's law on the Globar and the averagely 

polished silicon carbide.   Hence, the recommended values presented in subsection (a) 

are repeated here as recommended values for the normal spectral absorptance.   The 

uncertainty of each curve is believed to be the same as that of the emittance. 

The recommended and the provisional curves are shown in Figure 13-7 and the 

experimental curves are shown in Figure 13-8.   The recommended and the provisional 

values, the experimental measurement information, and the experimental data are tab- 

ulated in Tables 13-10, 13-11, and 13-12, respectively. 
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e.   Normal Spectral Transmittance (Wavelength Dependence) 

A total of 61 sets of data are available at room temperature.   Thirty-one sets 

were measured below 1 ym and six sets above 15 /.im. 

Most of the data measured between 1 and 15 jim were for thin specimens with 

thickness ranging from several {fin to over 300 jtpn and colored from colorless to dark 

green.   A recommended curve applicable to colorless specimen with thickness ranging 

from 100 to 200 jim is generated following the data of Lipson [E17415]  (Figure 13-10, 

curve 30).   The values are typical above 5 jLpn where a series of peaks and valleys occur. 

Below 5 jim, the uncertainty is believed to be 10%. 

Four sets of data were measured for thin films about 0.1 ^pn thick or thinner. 

One curve was generated following the data of Schatz, et al. fT22272]  ( Figure 13-10, 

curve 2) for a specimen 0.06 yfa thick.   The recommended \alues below 10 jim have 

an uncertainty of 5%.   The values above 10 ^m are typical. 

The recommended and the typical curves are shown in Figure 13-9 and the 

experimental curves are shown in Figure 13-10.   The recommended and the typical values, 

the experimental measurement information, and the experimental data are tabulated in 

Tableu 13-13, 13-14, and 13-15, respectively. 
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4.14.   Silicon Nitride 

Bulk silicon nitride is manufactured by standard metallurgical techniques based 

on reacting silicon powder with nitrogen at elevated temperatures (above 1573 K).   It 

is used as a hard refractory material in high temperature ceramic applications with a 

useful service temperature of about 1500 K.   It dissociates at about 2200 K.   It has been 

reported that there are two types of crystal structure of silicon nitride, a-SijN,, and 

ß-Si3Ni, both of which are hexagonal but with different lattice constants in the c-axis 

fT52257].   Four types of crystructure of Si^i have also been reported [T29667] .    Silicon 

nitride is a good electrical insulator with reported resistivity of 1012 ohm-cm at room 

temperature and 106 ohm-cm at 1300 K.   Its thermal expansion coefficient is 2. 5 x IG"6 K"1 

over the range of 300-1300 K.   As a result of this low thermal expansion, its thermal 

shock resistance is very good so that this bulk material can be used as a high temperature 

radorne material. 

Dense silicon nitride is produced by hot pressing and sintering silicon powder 

compact in a nitrogen atmosphere at high pressure and at a temperature near the melt- 

ing point of silicon (1687 K).   Using this technique, laboratory preparations have resulted 

in samples of 98% purity. 

There is a considerable increase of interest in silicon nitride thin films for 

microelectronic applications in the recent years.   Silicon nitride films can be prepared 

by several different deposition techniques: 

a) Direct nitridation 

b) Evaporation 

c) Glow discharge (dc and rf) 

d) Sputtering (dc, rf, and reactive) 

e) Pyrolytic (chemical vapor deposition) 

The reactive sputtering and pyrolysis methods have been most frequently utilized.   In 

each of these deposition methods, several parameters can be varied: temperature, flow 

rate, plasma density, pressure or degree of vacuum, ratio of reactants, or electric field. 

Prior to deposition, the substrates are usually given a mechanical lap followed by a me- 

chanical or chemical polish.   Heat treatment of the film is also utilized. 

a.   Normal Spectral Emittance (Wavelength Dependence) 

There is only one set of data on the normal spectral emittance of Si3N4 available. 

Schatz, Goldberg, Pearson, and Burks [T22272] have measured the emittance for the 
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sintered specimen with density 1. 82 g cm"3 at 1023 K.   Compared with the theoretical 

density of 3.43 g cm"3, their specimen has very high porosity.   Therefore, based on 

this measurement only provisionalvalues of normal spectral emittance were reported here 

which are listed in Table 14-1 and shown in Figure 14-1, and they are slightly lower than 

the experimental results.   The estimated uncertainty of the normal spectral emittance 

is about ± 30%. 
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b.   Normal Spectral Reflectance (Wavelength Dependence) 

There are ten sets of experimental data available for the wavelength dependence 

of the normal spectral reflectance of silicon nitride as listed in Table 14-6 and shown 

in Figure 14-4. Specimen characterization and measurement information for the data 

are given in Table 14-5.   Schatz, Goldberg, Pearson, and Burks (T22272] measured 

the normal spectral reflectance for sintered samples in the 0.23-2.65 jim wavelength 

region while Schatz (T34908] and Schatz, Alvarez, Counts, and Hepplu [T35840] 

measured the normal spectral reflectance of compacted powder specimen with compaction 

pressure from 2350 psi to 70 500 psi in the 0.23-2.65 jim region.   Schatz, Alverez, Burkes, 

Counts, and Dunkerley (T339741 measured the reflectance for the specimen pressed at 

21000 psi in the 1.0-15 ^(m wavelength region at 373 K.   It is observed that for the sin- 

tered specimen, the reflectance data values were lower than those of the pressed samples. 

One possible explanation is that it has lower density (1. 82 g cm"3), hence a lower re- 

flectance value.   Since all the measurements were made by the same research group, 

only one set of data is available for the longer wavelength region.   As a consequence, 

only provisional values are justified.   The provisional values are for the pressed spec- 

imen at 373 K which are listed in Table 14-4 and shown in Figure 14-3.   The estimated 

uncertainty for the provisional values is within ± 30%. 



655 

UP 

o 
C 

UJ 

-J 
UJ 

-> 
CJ 
3 F* 

•• a 
u> * 
C1 Ui 
Kl o 
a i: 
i- <x 
Kt »- ^ o 

UJ 
Z -1 

q It, 
O UI 

n a: 

LJ » 
o lÜ 
2 Or- 

»< O 
i 1-- u <« 
UJ ü^ 
-J UJ 
u. a. 
Ui x: 
o- UJ 

I.I • 
U -< 
(/I 

p 

-I X 
t ►- 

o 
at <: u UI 

.' -i 
ij 

_i r» 
• i •t 
i- x 
o »—i 

■ 

• ^■1 .-1   ,1   .i) 
i- CJ CJ o 0^ 

ro fo r) t\j 
CJ • •   •  • 
o o o o o 

o 
111 
H- ro 
o n 1^ 
'I Ul fO o o o o 
a a I'N o m o 
3r "V; II • •    •    « 
o o ro ^ ^ m 
o a K •■4 <H •■) ^ 

Ul 

J) 
•t 

o 
Iti 
oar- 
<t IU M 

-.■ .:   il 
O O 
O CL ►- 

tiN .| "ft no ro in in »-* o in «T1 N ii> f-» •"> rj ,^ ^i p^ po w 'rt c» '^> M tri ^ i *^ io ^ .t i»*1 r^ i^1 T ^5 f». f\j i0 
cj C.J IO u.1) c> ^ M -t rg cj fw .t ^H i7> ^, -t ^ ^t ro M IO (Vj r» co 0^ (y tj o vJ* o iA N- a^ ^* cj o o o o 
cgforopopo -»--.t  t^^roMPOMivjcjMiMcjCJMMcj^-i^^cicj^icjcjcjci'Oroioro'OPO 

cstJOciocjooocjcsrsocjcjooocjaucioc^cjocjcicjcjocJcJOooowca 

rocaoooiorjKouwJtA'^OLrtooirtc^cjciorjocaorYcjcjoocfcjcioijooo 
<\j fo jf in li) ^. « «> cj ci in c>. o II\ <o <o o M ir> m o in o 1"% a in tj in '■> if» cj m r> ^ <-> m o m n 

CJOOCJOCJC3CjT<«4*4T<CJI\J(\J<\JfOPOPOI^^~ytf\U^^U4Jf^r^'JO<OCT»(Ttr>CJrtHCJCJPO 



056 

Q O < + X ^ 4-X N > 

«oJtna-ujcot-cotno 

cr: 

U 

^ 

r 

i 

CD 

O 

O 

03 

CM 

o 
UJ 
_l 

g 
a: 

• i Eä 
d  z: uj 

i-t UJ 
(O _l 

ii 
0_ w 

i I 

I 
• 

CM 

33NBi33-|d3a 



657 

s 
B0<J + X^<-«N>- 

-^cumj-Louat^como 

"R ID 

Z 
Z 

g 
>-• 
u;- 

o tu 

§ i 
o   z: 
CD     X Q-lJJ 

I/? U 
:E 

UJ -J UJ 

d ^^ 
>• OlUJ 

5 E7 a. 
Z UJ 

Q 
_J o a x 

M £S 
^5 
•-■ _i 
K UJ 
UJ > 

X 3 
LU w 

I 

JDNUiDJlJJM 



658 

I 

i 

rt n O 00 CO 
a o OT Cl 
(M M Ol CI M 04    M    W 

u)   m   m    u) 
o    o    o     u; 

to   <o   m 

n C4 M f ?l (N 7 Cl «N Cl v 
O 
M n n H a a .^5 

IN «N a r< 

5 O d d d d d O o d 

h n « to (O tc iO HI 'O M ■«• 

3 u> 1 u; o • o ■J V O I a LTl tl <r> OT O a 3) 
►> m H tH 1-t t-i r-t 

i 
r-t 

i ■3 

r-l 

* 
■ .J .s < « M « a*- 

"J 
.s 

■id 
d H < •I* •i -< < o • 

- ■ < 
• * 

i: 

■ 

■i 10 H  ■ >< 

1 
•< II 

8 
S 1 

w 

3 

w" 

N 

u 
i 
1 

w" 

N 
4* 
(-1 j ji 1 B 

w" 

I 
»1   .HuiS 

iiiii 13 ■ 1 1 <H 1 1 a <o 
r5 

« 1 1 
C4 .0 .» OJ 113 o ■■> o 2 ■*• 

•3° 
I- 

SI s 
o 
■C 

3 i O I • | t • 

n 
K ■ CI n -T rt C^ n .:i 0> 

H H P H H H h H t< f- 

t! d f* M c- ^f tr> a> i- m m o 
1-1 



o 
o 

659 

oaoaoocaoooooooooooo 

U 

rorvjfvjronfo^j u\ r» a) oo ca 

loooaaooooea«-* 

a   • 
»4 IO 

h> 
1^- IO >0   t <0 ir\ U4 "> 
fO %D a n \t\\U > 

DC   II 
3 •-< «4 (U (M rj (VI 
O»- 

aift^H<oiniA9>t0^rr>o<or>><OKu\u\ 
u -r «c u i») ui a~ rj  •f'0.-.io>Da)tro^i 

•-«■r-i^c-jMPjrMfO'o^j'.tj^jinin 

| 
tu 

i 
Q.   r 

o o 

n 4- «4 (VJ o n (Ni 
IM a u\ CM o 0 uo 
.» f> w w) r»» M M 

a o o o a o o 

«o-<rjo>o^^to^ii3wrvj.Hrj(M(MfOoMr>(\io 
T4ruu\r^w(MKoro^ti)<o<T>to^^roca>0n«4oo 

O O O O O I o o o a o o o i 

Ui UJ ir r) CJ .-. u\ M in 
-1 > a K) «D 0^ w ^ «o 

2 3 
•   •••••• 

<H «4 <4 «4 N <M (\i 

3 Ü 

w ^^ 
LÜ a 
o • 
M UI 
Q: Ü 

<0    • 0>    • « « 
o> o>0«4iM<on<oioo<4meowiAC9                                        a> 

> fvioj'\Jpj(\jrjroror)^Ji/\h.oocrc3'".0(T>.~<r»i.o       > 
a  II •«         «H 
3 ooooocjooocaooooo*-t«4w>-il\jlMN      3 
O»- OK 

« H N 
T4 N U\ 
M (VJ M 

O >0 W 
»Ml« 
N (MM 

o -j o 
<> U. •* 
M hi >f) 
-I a 
M 
lO • » ^    w M *<   > 
u. a: 
o » 3 

>- Ü 
UJ 
o • 
z UJ 
«t or 
»- 3 <> »- 
UJ 4 
-1 IV a» 

u. UJ • 
UJ a t- 
a: B Q.     Z 

UJ o 
-i »- u 
< ** 
or M .* 
ü 1 
UJ UJ 
a • /<    > 
V) ^< 

3 
-1 » o 
■* X 
r. ►- 
oc o 
o z 
2 UI 

-J 
-1 UJ 
< > «« 
1- < • 
Z 3t K 
UJ " ^ s 
•H U 
a 

•        (rr>.-»(MiO^)M'i)NJ-..-J0D'OTH-HlJ»r^l\J-t 
*■     i>)tft«ar4(\jroio'o^Krvei>4^aio«iAu\ 
Z       (VJfMtVjnMMWMMIOMW^^J-J-WPJMIVJ 
o        •••••••••••••••••••• 

ooooooooooaaooooacaa 

(MocJooo(T<oocr-to,»forj 

fMiMrJMMMrof^forofu>r^<ocPciiAcj-f>u 

aooooooaoaooeoa^r^ivjcgN 

owroiM^iKt^tO^aeminmo'Kto 
nn ■^r>»(^a'4(Mmnu\^aa«>4N 
CVjPJOJIVjMrOfOfOMfOWMfOW-»* 

OOOOOOOOOO' > o o o o o 

UJ (M 
(Mrj(vjr\iN(\i(Njrvjnroro^iAtOK|s. 

oooooaocjt o o a o o o 

roi^CTjuivocpojrTioinootuow 
v4(>jnnkO(r>«4(Mr4(j«^o<ree 
fonrorororo-^^^nnroivjtMCSi 

00C3O00CDOC1000OC5CD 

r- as CJ ^ in ir. j- I-I>  ^ ^ ^ ■/> .o o ,n 
(\ji\jroro^vOiv.<oci(vj>oa<vJio>x> 

0OC3ar>00O>-li-lr4l\J<MM(U 

UI M 

a.  II 
3 

ww»4<ooior-u\<ro><rio«vjo,w* 

PJCViPJ'OfOlol'OWrO-tfOMI'OMJVJM 

OOC3C3CjOOC30r300r3oOO 

IM«C/cn(0(7><0.-<J'(vj 
o-tir\«'0^j3^oj-inM-j-ooa?in 
N(\jMr>J(vjm-*^r«cocji«i^.cjto^ 

c»oc>r>-3oc»oor>«-tw«-«c>j<\jrj 

tr 
(M 
(M • 
o 

<fl • 
<o 
<J> o 

UI l\J m 
> M 
a- n • 
3 o 
Ü»- 

3 
O 

r,^if^rvoj(T'r»~.J,^i,i(>j 
m'Ounji\ia>j-(Vi^i.-i.< 

uoooooooaoaa 

4- ^ >D n  t 
0'r>_faor»J-j-N.ir>i-<oNin 
-t-r^Ka^-itoofi-ruxvO 

oocaaa<4T4T4(M(\j(\j(vj 

n • 
oo 
<T< 

UJ «\J > 
« 11 
3 
Ol- 

o<<-iin(MiAh'.rjo<o*<vjmor>j'-<ooa »HWIA 

• ••#••••••••••«•• ••• 
ocsaaoooooauLiooucio OQCJ 

■»   • 

00 

M*iOK^I*K>-»<*jr>U»^^lA'O^U\       UJ (M «J'lA 
M INJ M M lo r-5   -f  ■:■! oo «T  —' iX) oo ^< f\j .1.  iD        > <M(M(SJ 
• ••••••••••••••••     n?ii ••• 

a o o o ci a ei o o rt —• ,.« ,-< M M i\j rj       3 ooa 
O I- 

« 
'T> 

UJ M ^» 
a II 
3 
O 1- 

a(7>cia«u\-tvOvOii>inooriou\tO(Ti -4'0<v4(\i(^(vlo^.^.^s «40 
0<3(,J-tvON.N.t».Kr^vOM'Or4cCU>fOOOO>aO«0,,O^Kr~«0<0 
M(VJ«VJMfgPJM»VJ(VJ(>>J<\jWK>fO(«f>JV\J(MMH»<»^»<r<»J»l'H»< 

oooaoaoouoaooacjooooooooaoocjo 

. j a <-> >0 o o 1-1 >-< «H o o (T> o »i o> 
M^mj»'oa>'.->oj'ou>h»^iriif«j'^f^*^.t-^ir>-* *!«-»•»< in 
<\j(\jMrjM«vjM""M(>,>-»,mvDioofvj4,in>or»«>o»<'ou>.OvO 

J    J  Ci   tj  *3  CJ  CJ   '3  O  O   O  (J  *J   <.!  O nj M (\i rj (vj (M 

cvj   • 
<o 

UI <\i 
> 
a' 11 
3 

.J .0 -H r>-  -f in o 
(M <M vO O <\i n ^ 
«M M M I"» M M »0 •    •••••• 
OOOOOOO 

o (\j in o <n u« a< 
»o ^ u> <o o< H * 
«M r\j PJ CM I\J c) «) 
• •«•••• 

o o o a a o a 

I 



660 

S 

i 
I 

s z 

o 
Ul 

> 
U 
a 

o 
u 

u. 
o 
ilJ 
o 
i 

o 
Ul 
-I 
b. 
Ul 
a 

-I 
t 

o 
UJ a 

r 
i* o z 

a 
Ul a x u 

I 

r 
UJ 
-I 

z 
UJ 

UJ a. 
X 
UJ 

I 

IJ 
-J 3 
t 

• ^ w i^ in r> ij ^ irt if« T <o M -t J) T> r^ r^ w .JN rj c^j oo oo (M rs. (M M >o 0 r< T-i r »H rj .o 

7t ww»<»<<vj<M(vj»H»<fgMtvjM«v(<\j<\i«vj.iio'oi,OMwrofnr<>ioN>»oK)iOMt»>»»>M 
a     ••••••••••••••••••••••« ••••••• 
o ooaaarjciaoauaocsoooooooooCTaoooaaoaaoo 

UJ -1  J >0 tr1 r^- CP w ro n n o< en -t <j » -i >3 cr> CT CJ <M in «3 rj oo ^< * ir« vO »< ir. «) •-< f>. o 

a        ••••••••• ••••••••• §   •   •   • 

O »4 ^ H H »< <rt ^( W rt T4 H T< »< »4 rt »H »< »< H 



661 

c.   Normal Spectral Absorptance (Wavelength Dependence) 

There are four sets of experimental data available for the wavelength dependence 

of the normal spectral absorptance of silicon nitride as listed in Table 14-9   and shown in 

Figure 14-5.    Specimen characterization and measurement information for the data are 

given in Table 14-8.    Three sets of data are for the thin film specimen coating on sili- 

con substrate and one set of data is for the powder specimen.   All the measurements 

were performed at room temperature.   They all show a broad peak of absorption with 

the maximum near the 10-12 jpn region.   However, there is no information on the thick- 

ness of the sample and substrate which is essentially for the absorptance value.   There- 

fore, we cannot make any recommended values for the absorptance on coating specimens. 

According to Kirchhoff's law, the absorptance is equal to the emittance, a = €.   There- 

fore, the provisional values on the normal spectral absorptance for sintered specimens at 

1023 K were obtained which are listed in Table 14-7 and shown in Figure 14-6. The esti- 

mated uncertainty is about ±30%. 
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d.   Normal Spectral Transmittance (Wavelength Dependence) 

There are 33 sets of experimental data available for the wavelength dependence 

of the normal spectral transmittance of silicon nitride as listed in Table 14-12 

and shown in Figure 14-8 for thethinfilm coatings and Figure 14-9 for the powder specimens, 

specimen characterization and measurement information are given in Table 14-11,   All 

the measurements were performed at room temperature (~293 K) and a broad absorption 

peak due to Si-N has a maximum near 11.4 ^im. 

Silicon, germanium, molybdenum, graphite, gallium arsenide, graphite, and 

potassium chloride were used as the coating substrate.   Fifteen sets of experimental data 

were measured for the transmittance of thin Si3N4 film coating on silicon substrates. 

However, few authors have reported the thickness of the film and substrate.   The var- 

ious deposition techniques for preparation of the thin films also affect the transmittance. 

The silicon nitride film was also used as an antireflection coating for silicon and the 

maximum of transmission was dependent on the thickness of the coating by the well-known 

square-root condition for quarter-wave films as follows: 

4^ dX0"
1= 2m + l; m = 0,l,2,3  (14-1) 

,0, - nA 
R        «( )<< 1 for n^^n, (14-2) miIi     V J. «2' 12 v ' »2 + n^ 

where d is the coating thickness, Xo the free space wavelength, Rmln the minimum 

intensity reflectance, and n! and r^ are the refractive indices of the coating and substrate, 

respectively.   Therefore, as a consequence of these difficulties, only the provisional values 

for a 0. 5 (im thick silicon nitride film deposited on both sides of a 250 ^m thick 

silicon substrate by the reactive sputtering technique at room temperature are presented. 

The estimated uncertainty is within ±30%. 
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4.15.   Acrylic Resins 

The four major categories of acrylic resins include polymethacrylate, polyacrylate, 

poly (methyl methacrylate), and copolymer of acrylonitrile.   The list of esters range 

from   .^thyl to lauryl, Ci-C^.   Because of the many combinations possible, there are 

at lei^w 40 varieties of acrylic resins commercially available.    Lucite is a trade name 

of DuPont for poly (methyl methacrylate) which will be described in the next subsection. 

Other trade names for the various acrylic resins include Acryloid, Acrysol, Acryrin, 

Hycar PA, Acrilan, Creslan, Dynel, Orion, Plexiglass, Vernonite, etc.   These mater- 

ials are manufactured in a wide range of colors and are in demand where aesthetic con- 

siderations predominate.   They possess low specific gravity, low water absorption, good 

weather ability, and tensile strengths but only moderate heat resistance and low hardness. 

They soften from 250 to 400 K and are more easily scratched than glass. 

According to the Reference rA00025l, the softening points of acrylics are as 

follows: 

Acrylics Softening Point (K) 

Polymethylacrylate (PMA) 277 
Polyethylacrylate (PEA) 248 
Polymethylmethacrylate (PMMA) 397 
Polyethylmethacrylate (PEMA) 339 
Poly n-butyl methacrylate (PBMA) 303 
Polyacrylonitrile 511 

The polymerization of acrylate and methacrylate esters is carried out in water 

suspension with peroxide catalyst.   The resulting polymer is washed, dried, and blended 

with plasticizers and colorants before pelletizing for use as molding powders. 

H     O 80-100 C 
I      II r "I 

CH2 = C - C - OCH3       ^     - CH2 - CH -        j 

peroxide COOCH3 
n 

H O 2        poly(methylacrylate) 

?H30                     80-100 C 
I      II p 1 

CH2 = C - C - OCH3       ^ I  - CH, - CCH3 -    j 

peroxide COOCH3 
n 

IT    Q 
2    poly (methyl methacrylate) 

Acrylic resins are soluble in aromatic and most chlorinated hydrocarbons (toluene, 

ethylene dichloride, chloroform), esters (ethyl acetate), ketones, tetrahydrofuran; 80/20 

toluene/methanol gives low-viscosity solutions.   Polymers of butyl and higher esters are 
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soluble in aliphatic hydrocarbons (e.g., white spirit, also in molten waxes).   Cross- 

linked polymers are insoluble but swell in chlorinated hydrocarbons.   Acrylic resins 

can also be swollen by alcohols, phenols, ether, and carbon tetrachloride.   They are 

decomposable by cone, oxidizing acids (HNO3, H2S04, H2Cr04), alcoholic alkalis. 

Acrylic resins have a density of about 1.02-1. 22 g cm"3.   Their refractive index 

is about 1.47-1.49.   The ultraviolet cut off is below 2800 A, it transmits about 85% in 

the visible region, and the infrared cut off is about 23000 A (2.3 pm). 

a.   Normal Spectral Emit^ance (Wavelength Dependence) 

There are four sets of experimental data available for the wavelength dependence 

of the normal spectral emittance of acrylic resins as listed in Table 15-3 and shown in 

Figure 15-2.   Specimen characterization and measurement information for the data are 

given in Table 15-2.   All the data are for the paint coatings with green, blue/black, or 

white color.   In the wavelength region above X = 6 ^m, there are small differences among 

the values of emittance for the different paints.   In the shorter wavelength region the 

white paint has lowest emittance value.   Since the data are limited, as a consequence, 

only provisional values were reported here.   The provisional values listed in Table 15-1 

and shown in Figure 15-1 are for the "white acrylic paint" on stainless steel substrate. 

The estimated uncertainty is within ± 30%. 
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b.   Normal Spectral Reflectance (Wavelength Dependence) 

There are thirteen sets of experimental data available for the wavelength dependence 

of the normal spectral reflectance of acrylic resin coatings as listed in Table 15-6 and 

shown in Figure 15-4. Specimen characterization and measurement information for the 

data are given in Table 15-5,   There are seven different kinds of acrylic resins used for 

measurements.   The normal snectral reflectance values for flat black acrylic were the 

lowest.   White paint (Sherwin Williams) has the highest reflectance value.   Only Brandenberg 

[T52153] and Afonaseva, et al. [T5b239] measured the normal spectral reflectance in 

the wavelength region above 2.6 jim.   Because the range of reflectance for acrylic was 

wide, only provisional values were reported here which are listed in Table 15-4 and 

shown in Figure 15-3.   The provisional values are for the flat white ac^lic paint 

(Sherwin Williams) coatings at 310 K.   The estimated uncertainty is within ±30%. 
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c.   Normal Spectral Absorptanco (Wavelength Dependence) 

There are five sets of experimental data available for the wavelength dependence 

of the normal spectral absorptance of acrylic resin coatings as listed in Table 15-9 and 

shown in Figure 15-6.   Specimen characterization and measurement information for the 

data are given in Table 15-8.   Four of the data sets each contains a single point (10.6 ^im). 

Therefore, as a consequence of the limited data, only provisional values of normal spec- 

tral emittance are presented here as listed in Table 15-7 and shown in Figure 15-5. 

The provisional values are for the "white acrylic paint" on stainless steel substrate. 

The estimated uncertainty is within ±30%. 
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d.   Normal Spectral Absorptance (Temperature Dependence) 

There is no experimental data available for the temperature dependence of the 

normal spectral absorptance of acrylic resins.   However, Frisdon IA00004] mea- 

sured the absorptance of acrylic paints as a function of the incident power of CO2 laser. 

His results show that there is very small decreasing or no change in the absorptance 
value for the incident power of COj, laser up to 130 watts.  As the incident power equals 
to 60 watts or higher, there is instantaneous surface charring happening at the point 
of incidence.   Probably this charring occurs at the decomposing temperature.   There- 
fore, we can roughly say that the absorptance of acrylic paints at wavelength 10.6 pm 

is independent of temperature in the temperature region from 293 K to 400 K (de- 
composing temperature).   Figure 15-7 shows the provisional value for the normal spectral 

absorptance of acrylic white and black paints as a function of temperature. 

The absorptance is 0.97 for white paint and 0.95 for black paint.   The estimated 
uncertainty is within ±20%. 
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e.   Normal Spectral Transmittance (Wavelength Dependence) 

There are 30 sets of experimental data available for the wavelength dependence 

of the normal spectral transmittance of acrylic resins as listed in Table 15-12 and shown 

in Figure 15-8 (bulk materials) and Figure 15-9 (thin films).   Specimen characteriza- 

tion and measurement information for the data are given inTable 15-11.  There were 20 

different kinds of acrylic resins used for measurement; their transmittance values were 

quite different.   Therefore, only provisional values are reported here as listed 

in Table 15-10 and shown in Figure 15-7.   The provisional values are for the acrylic 

sheet with thickness 6.3 mm at 293 K.   The estimated uncertainty is within ±30%. 
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4.16   Lucite 

Lucite is a propriatory acrylic resin, poly( methyl methacrylate), manufactured 

by DuPont Co. "Plexiglas" and "Perspex" are essentially the same material manufactured 

by Rohm and Haas Co. and Imperical Chemical Industrial Chemicals Ltd. respectively. 

Lucite is a rigid, crystal-clear thermoplastic material with excellent mechanical 

and chemical properties.   It has the best resistance to the effects of sunlight and out- 

door weathering among all the transparent plastics.   Industrial uses include optical 

applications such as in TV screens, automobile taillights, and lenses for cameras and 

slide viewers. 

Lucite acrylic resins can be easily processed by all fabricating techniques 

currently practiced in the industry.   They can be injection molded, blow molded, com- 

pression molded, and extruded.   It also can be machined, drilled, threaded, and routed 

with standard wood and metal-working equipment. 

The polymerization of Lucite is carried out in water suspension with peroxide 

catalyst.   The resulting polymer is washed, dried and blended with plasticizer and 

colorants before pelletizing for use as molding powders. 

Cfl3      ° 80-100 C 

CH2 =   C   -   C   - OCH3     »■     ( - CH2 -    CCH3   - J 
peroxide ^^ 

2 Polymethyl methacrylate 

The molecular weight of Lucite is of the order of 5 x 105 to over 106 (degree of 

polymerisation approximately 5000-10000). According to x-ray data, Lucite is substantially 

amorphous materials.   It is soluable in aromatic and most chlorinated hydrocarbons 

(toulene, ethylene, dichloride, chloroform), esters (ethyl acetate), leetones, tetrahydro- 

furar.   It will be swollen by alchols, phenols, ether and carbon tetrachloride.   It can be 

decomposed by cone, oxidizing acids (HNO3, H2S04, fyCrO,,) and alcoholic alkalis. 

Lucite has density 1.18-1.19 gm cm"3, has the second order (glass) transition tem- 

perature at about 378 K, softens above 397 K and decomposes around 520 K.   The maximum 

service temperature is 350 K.   Its dielectric constants are 2. 7-3.9 over the range 50-105 

HK.   Its resistivity is about lO^-lO15 ohm-cm.   Its dielectric strength is about 16 KV/mm 

for 3 mm sheet. 

Lucite has specific heat 0.35, thermal conductivity0.00188 W cm"1 K"1, and 

thermal expansion coefficient 0.75 x 10H K-1 at 293 K (1.05 x 10H/K at 350 K).   It 

shrinks 0.2-0.7% when molding. 
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a.   Normal Spectral Emittance (Wavelength Dependence) 

There is no data on the normal spectral emittance of Lucite available.   However, 

Pregelhof, Francy, and Haas (T771251 used a one-dimensional model, assuming uniform 

properties, and gave the emittance e (X), the absorptance a(X), the transmittance T(X) , 

and the reflectance p(X) of a polymer sheet in the following expressions: 

€(x) =a(x) =(1-R) Lil±R] sinhad ^1-R) (cosh ad-1)] (4.I6-I) 
(1 + R2) sinhad +(1-R2) coshad 

T(X) = LllSil  (4.16-2) 
(1 + R2) sinh ad + (1 - R2) cosh ad 

o(X) _2R [R sinhad -h(l-R) coshad] (4.16-3) 

(1+R2) sinhad +(1-R2) coshad 

where R = (n- l/n+1)2 and n is the refractive index, d is the thickness of the sample, 

and a is the absorption coefficient. 

For the Lucite bulk material, it can be assumed that 

ead»Re'ad (4.16-4) 

which enables eqs. (4.16-1, 4.16-2, and 4.16-3) to become the following: 

€(X) =a(X) SM1-R) [1 - (l-R) e"ad - R e'2ad] (4.16-5) 

T(X) ^(1-R)2 e~ad (4.16-6) 

p(X)-R tl + (l-2R) e"2ad] (4.16-7) 

By using these equations together with the experimental data of transmittance 

and reflectance, the emittance can be calculated. Here we used d = 3.2 mm for calcu- 

lation.   The calculated results of the normal spectral emittance for Lucite sample with 

thickness 3.2 mm at 293 Kare shown in Table 16-1 and Fig. 16-1 with an estimated un- 

certainty of about ± 20^. 
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b.   Normal Spectral Reflectance (Wavelength Dependence) 

Only Byrne and Mancinilli [T32388] have measured the normal spectral reflectance 

for a 3.2 mm thick specimen in the 0.24 to 2.6 Jim region.   Grim, Linfored, Dillow, 

Spinak, and Mills [A00001] measured the angular dpectral reflectance for a 290 mil thick 

disk of Plexiglas in the 2-15 ^m region with the incident angle of 15° and 45°.   The re- 

flectance value increases slightly with the increase of the incident angle. 

Pregelhof, Francy, and Haas [T77125] calculated the absorption coefficient 

a = 20 cm"1 or larger in the wavelength region X > 4 pm.   Then, Eq. (4.16-7) becomes 

p(X) «R= (n- l)2/(n+l)2 (4.1G-8) 

which is independent of the thickness of the sample and depends only on index of refraction. 

However, the data of index of refraction is not available in the wavelength region above 

1 jim.   Thus, Eq. (4.16-8) is not applicable in this case. 

Based on the three sets of experimental data and Eq. (4.16-7), the provisional 

values of normal spectral reflectance are presented in Table 16-2 and Figure 16-2 with 

an estimated uncertainty of about ±30%. 
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c.   Angular Spectral Reflectance (Wavelength Dependence) 

Only Grim, Linfored, Dillow, Spinak, and Mills [A00001] have measured the 

ingular spectral reflectance for a 290 mil thick disk of Plexiglas in the 2-15 ^tm region 

with the incident angle of 15° and 45°, as shown in Table 16-6 and Figure 16-5.   The 

reflectance values increase slightly with the increasing of incident angle.   The provis- 

ional values are for Plexiglas at 293 K and are listed in Table 16-5 and shown in Figure 

16-4.   The estimated uncertainty is about ±30%. 
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d.   Normal Spectral Absorptance (Wavelength Dependence) 

Byrne and Mancinelli [T323881 measured the absorptance of a 3.2 mm thick 

specimeninthe 0.2 to 2.7 ßm region.   Pilipetskii, Raizer, and Upadyshov [E37991] used 

a ruby laser X = 0.69 ^m with incident power of 0. 5-1.1 joules to obtain the absorptance 

for specimens 43 mm long.   According to Eq. (4.16-5), a(X) * (1-R) [1 - (l-R)e au - 
-2ad Re        ] which is strongly dependent on the thickness of thin films.   However, for the 

bulk materials in the wavelength region X > 3 /jm 

a(X)Ml-R) (4.16-9) 

which is independent of the thickness, and the material becomes opaque.   From Kirchhoff's 

law a(X) = e(X), the absorptance is equal to emittance.   The calculated values are shown 

in Table 16-8 and in Figure .16-6 together with the experimental results. 

The estimated uncertainty is about ± 20^. 
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e.   Normal Spectral Transmittance (Wavelength Dependence) 

There are 20 sfits of experimental data available for the transmittance of Lucite 

as listed in Table 16-13.   Of these, 12 sets measured on thin film samples are shown 

in Figure 16-10.   They represent reasonably consistent results with each other. Major 

absorption peaks near X = 3.4f 5.8, 6.9, 7.2, 8.0, 8.7, and 13.4 ^pn are observed. 

As we have mentioned in d., the bulk Lucite materials become opaque above 

X = 3 ^m.   At the visible and near infrared region it transmits about 90^.  According to 

Eq. (4.16-6), T(X) = (1-R)2 ff"^, the transmittance becomes very strongly dependent 

on the thickness of the sample where absorption coefficient a is not small.   Therefore, 

the provisional values of transmittance for a sample with thickness of 3.2 mm at 293 K 

are derived, based on the works of Byrne and Mancinelli [T32388J, Acitelli, Gumby, 

and Naujobas (T40338], Turner and Keller [T77381], and duPont Co. IE62601].   The 

values are shown in Table 16-11 and in Figure 16-8 with the experimental data. 

The provisional values are estimated with an uncertainty of about ±30^. 
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4.17.   Polycarbonate Plastics 

Polycarbonates are transparent, faintly amber-colored, thermoplastic materials 

showing good dimensional stability, thermal resistance, and electrical properties, as 

well as good tensile and impact strength.   Their unique hardness properties allow poly- 

carbonates to substitute for metals in some applications, as in plastic rivets and bolts. 

Trade names of polycarbonates are " Lexan" for General Electric, "Merlon" for 

Mobay, "Lexel" (fibre), "Makrolon", and "Panlite".   The softening point of Lexan is 

428 K and that of Merlon is 410 K.   The heat distortion temperature and mold temper- 

ature is 406-411 K and 561-589 K, respectively. 

Polycarbonates are formed by the condensation of polyphenols (usually Bis-phenol- 

A) with phosgene.   The resulting thermoplastic polymer can be considered an ester of 

carbonic acid and bisphenol A. 

[ 

CH3 

HO-Q-C- 

CH3 
■o- 0Hln + [ci- 

Bisphenol Phoi 

CH3 

-Of0 
CH3 

0 
11 

- c - 0 -     + 
Jn 2nHCl 

Polycarbonate 

o 
II 50-60 C + NaOH 

n  ^ 
( PH 6. 0) in CHjjCl, 

The molecular weight of commercial polycarbonate plastics is up to 30000 (degree 

of polymerizationc. 120), beyond which increasing viscosity limits practical processing. 

The commonest polycarbonate unit cell contains 4 chains and 8 fundamental units; identity 

period 21.5 A.   It can be dissolved by certain chlorinated hydrocarbons (dichloroform, 

methylene chloride, di-, tri-, and tetrachloroethane, hot chlorobenzene), pyridine, 

dioxan, cyclohexanone, and hot phenols.   It will be swollen by acetone, benzene, and 

carbon tetrachloride.   It can be decomposed by hot alcoholic alkalis, amines, and other 

organic bases, and its surface attack by aq. alkalis. 

Polycarbonate has density 1.20 g cm"3, has the second order (glass) transition 

temperature at about 420 K, softens above 430 K, decomposes around 580 K, and is ser- 

viceable up to 410 K. Its tensile strength halves at 400 K.    Its dielectric constants are 

2.7-3.1 over the range 50-1010 Hz.   Its resistivity is about 1016 O cm at room temper- 

ature and 1014 Q cm at 400 K.   Dielectric strength of very thin films is 120 KV/mm and 

109 KV/mm for 0.05-0.125 mm films.   Its electrical properties show little dependence 
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on frequency, and are not greatly changed by heating to 410 K or by long immersion in 

water. 

Polycarbonate has specific heat 0. 28-0.30, thermal conductivity 0.00192 W cm"1 

K"1, and thermal expansion coefficient 0.6-0.7 x l(r4 KT"' (0.76 x ior8 KT" • at 30-410 K). 

It shrinks 0. 5~ 0.7< when molding and it is self-extinguishing by the ASTM D-635 

test. 

a.   Normal Spectral Emittance (Wavelength Dependence) 

There is no data on emittance of polycarbonate plastics available.   However, 

Pregelhof, Franey, and Haas [T771251 used a one-dimensional model, assuming uniform 

properties, and gave the emittance e(>), the absorptance a(xK tbe transmittance T(X). 

and the reflectance p(X) of a polymer sheet in the following expressions: 

C(X) ^a{X) _(1-R) [(1-HR) sinhad+(l-R) (coshad-l)] (4.17-1) 
(1 + R2) sinhad +(1-R2) cosh ad 

T(X) = ^^  (4.17-2) 
(1 + R2) sinhad +(1-R2) cosh ad 

D(\)     2R [R sinh ad + (1-R) cosh ad ] (4 17_3v 

(1+R2) sinh ad + 'l-R2) cosh ad 

where R = (n- l/n+1)2 and n is the refractive index, d is the thickness of the sample, 

and a is the absorption coefficient.   Therefore, the absorptance can be calculated from 

the above equations. 

For the polycarbonate plastic bulk materials, it can be assumed that 

ead»Re"ad (4.17-4) 

which enables Eqs. (4.17-1, 4.17-2, and 4.17-3) to become the following: 

c(X) =a(X) fc(l-R) Cl - (1-R) e"ad - Re'2ad] (4.17-5) 

T(X) ^(1-R)2e'ad (4.17-6) 

p(X) ^R [1+ (1-R) e'2ad] (4.17-7) 

By using these equations together with the experimental data of transmittance 

and reflectance, the emittance can be calculated.   Here we used d = 4 mm for the 
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calculation. The calculated results of emittance for bulk polycarbonate plastic samples 

with thickness 4 mmat293K are shown in Table 17-1 and Figure 17-1 with an estimated 

uncertainty of about ±20^. 
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b.   Normal Spectral Reflectance (Wavelength Dependence) 

Only Vinokanovr, Cherkusov, and Kisilitsu [T71819) have measured the normal 

spectral reflectance in the 0.05-0.25 fxm wavolength region.   We can only roughly esti- 

mate the normal spectral reflectance by the results of angular reflectance.   The provisional 

normal spectral reflectance values are slightly lower than that of the angular reflectance 

and are shown in Table 17-2 and Figure 17-2 with an uncertainty of about ±30%. 

I 
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c.   Angular Spectral Reflectance (Wavelength Dependence) 

Only Grimm, Linfored, Dillow, Spinak, and Mills [A00001] have measured the 

angular spectral reflectance for a 290 mm thick disk of Lexan in the 2-15 /^m region 

with the incident angle of 15° and 45°, respectively for curves 1 and 2.   The reflectance 

values increase slightly with the increasing of incident angle. 

Pregelhof, Francy, and Haas [T77125] calculated the absorption coefficient 

a = 50 cm"' or larger in the wavelength region X > 4 ßta. Therefore, Eq. (4.17-7) 

becomes 

p(X)-R= (n-l/n+ I)2 (4.17-8) 

which is independent of the thickness of the sample and depends only on index of refraction. 

However, the data of index of refraction are not available in the vavelength region above 

1 ^m.   Thus, Eq. (4.17-8) is not applicable here. 

For the wavelength region below 2 ptm, with the aid of the transmittance data, 

the reflectance can be calculated.   Together with the experimental data of Grimm, 

et al., which is shown in Table 17-3, the provisional values of angular reflectance are 

shown in Table 17-2 and Figure 17-4 with an estimated uncertainty of about ±30^. 
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d.   Normal Spectral Absorptance (Wavelength Dependence) 

There is no data of absorptance available for bulk polycarbonate plastics.   Only 

Fujikura and Ishikawa [T771021 have measured the absorptive power of thin films with 

thickness of 18 /xm and 118 /xm at 300 K.   The absorptance data was obtained by dividing 

the absorptive power with the black body radiation power.   According to Eq. (4.17-5), 

the absorptance is strongly dependent on the thickness of the sample for thin films. 

However, for the bulk materials, in the wavelength region X > 4 /im, 

aMMl-R) (4.17-9) 

which is independent of the thickness, and the material becomes opaque.   By using Eqs. 

(4.17-5, 4.17-6, and 4.17-7), the absorptance can be calculated as equal to the emit- 

tance.   The calculated results are for a sample with thickness 4 mm at 293 K which 

are shown in Table 17-8 and Figure 17-6 together with the experimental data of thin 

films.   The esti nated uncertainty is about ±20^. 
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e.   Normal Spectral Transmittance (Wavelength Dependence) 

There are 16 sets of experimental data avi liable for the transmittance of poly- 

carbonate plastics as listed in Table 17-13.   Of these, 5 sets were measured on thin 

film samples which are shown in Figure 17-5.   They represent reasonably consistent 

results with each other.   The major absorption peaks near X = 3.4, 5.6, 6.6, 8.1, 8.2, 

8.6, 9.8, and 12 jxm are observed. 

As we have mentioned in d., the bulk polycarbonate materials become opaque 

above X = 4 i^m.   At the visible and near infrared region it transmits about 80-90^. 

Above 1.7 ^im the transmittance becomes very strongly dependent on the thickness of the 

sample.   Therefore, the recommended values of transmittance for a sample with thick- 

ness of 4 mm at 293 K were derived based on the works of Cloud (T54891, curve 4], 

Acitelli (T40338, curve 7], and Progelhof, et al. [T77125, curve 16].   The values are 

shown in Table 17-11 and in Figure 17-8 with the experimental data. 

The recommended values which are for polished samples are estimated with 

an uncertainty of about ± 20^. 
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4.18.   Poly{phenylquinoxaline), PPQ 

The preparation of soluble high molecular weight poly(phenylquinoxalines), PPQ, 

by the condensation of aromatic bis(o-diamines) with aromatic bisbenzils was first re- 

ported in 1967. 

H,N ,NH, O     O O     O 
\   / ii      ii ii       ii 

Ar +0-C-C-Ar'-C-C-0 

H2N /    \ NH, 

s* 
AT 

N. 

y^y   \N^ 
-Ar'- 

n 

where 0 - f^—and Ar, Ar' = aromatic typically, for PPQI Ar 

Ar' =—^3—» hence PPQI is described by the formula: 

r^N      f^ and 
^^—^ 

UV data for homo- andcopolymers exhibit a X^-, in the case of PPQI at 292 ym. 

Apparently the p-phenylene moiety and the phenyl group are forced out of the plane due 

to steric interaction, and therefore, are unable to participate significantly in resonance, 

for Xinax to appear at shorter wavelength. 

The current interest in PPQ's is due to the high thermal stability and unusual 

ease of formation of these polymers.   Formation is a one stage quantitative process at 

room temperature which yields completely cyclized, soluble polymers.   Reaction of 

l,4-di(phenylglyoxal) benzene 

O 
II 

C 

o 
II 

o o 
II 
c 0 - c - c -^r^-c - c - 0 

in excess in air yields a crosslinked polymer compared with the usual linear polymer 

when the reagents are used in stoichiometric amounts. 
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PPQ's are faintly yellow fibrous amorphous substances readily soluble in most 

organic solvents.   Typical molecular weights are of the order of 330,000.   PPQ polymers 

were shown to exhibit good solubility and processability as well as excellent thermal oxi- 

dative stability.   However, ER spectra of PPQ demonstrates the ease of oxidation of the 

methylene bridges in those polymers containing this structural feature.   It starts decom- 

position at 780 to 830 K. 

The potential of PPQ for use as functional and structural resin in high temperature 

environment has been demonstrated. 

PPQ specimens may be cured at 644 K and 1000 psi for four hours.   The thermal 

linear expansion of the cured material increases gradually to the instability temperature 

of 578 K with the expansion at this point being 1. 3^ (T77908].   Above the instability 

temperature, PPQ first contracts, then expands slightly, then finally contracts severely 

above 756 K where degradation occurs. 

The thermal conductivity of PPQ exhibits increasing values from 0.00293 W cm"' 

K" • at 340 K to 0.00317 W cm"' K~' at 533 K. Typical densities fall in the range 1.196 - 

1.205 gem"3. 

PPQ carbon fiber composites have been studied as potential re-entry vehicle 

(REV) materials. 

No information on the thermal radiative properties of this material was uncovered 

from the search of literature.   Consequently, no tabulation or recommendation of the 

thermal radiative properties of this material is possible at this time. 
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4.19.   Silicone Resin 

These organo-silicon oxide polymers may be resins, rubbers, or liquids.   They 

are characterized by resistance to heat, oxidation, and weathering; water repellency; 

near independence of physical properties with temperature; and resistance to electrical 

breakdown.   Their thermal degradation temperature is about 473 to 873 K. 

Industrial uses include silicone release agents, lubricants, adhesives, laminating 

resins, electrical insulation, molding compounds, and additives.   Trade names include 

Silastic, Polysil, Versilube, Dow Corning Silicone, etc. 

In the United States, major companies producing silicones for industrial use 

include Dow Corning Corporation, General Electric Company, and Union Carbide 

Corporation. 

For the purpose of aircraft design, the application of silicone resins may be 

classified in the following three ways: 

(1) Silicone laminating resins - These are used primarily in bonding glass cloth 

to produce structural and electrical laminates.   They are also used to bond 

asbestos paper and cloth.   Silicone-glass laminates have excellent resistance 

to heat and heat aging. 

(2) Interlayer for laminates glass - Silastic Type K Interlayer serves as the 

center layer in safety glass windshield for supersonic aircraft. 

(3) Silicone molding compounds - These are thermosetting materials that can 

be formed by either compression or transfer molding techniques.   For high- 

impact, glass fiber-filled silicone molding compounds, the heat distortion 

temperature is about 755 K.   Parts molded from silicone molding compounds 

find use as both structural and dielectric materials in aircraft and missiles. 

Several silicone resins have been considered for application in aerospace 

construction.   Poly(dimethylsilanediol) with a melting point of 740 K has been considered 

for use as a matrix material for flexible windows and domes in manned spacecraft, al- 

though it has been suggested that it has insufficient tear resistance for this purpose. 

Polyphenyl silicone has been considered for use as a paint-like organic coating for space- 

craft, designed to control emission and absorption of radiant energy.   Silicone DC 808 

has been considered for similar uses.   Silicone XRG-2044 has been considered for use 

as a coating for solar cells.   Owens-Illinois "Glass Resin 100" has been studied for pos- 

sible use as a lightweight optical material for aerospace reconnaissance.   Some elastomers 



805 

are used for oxygen hoses, space suits, and cabin seals.   Silicone resins are also used 

as ablation shields for space ships. 

Silicones consist of chains of alternate Si and O atoms.   The chains are modified 

by various organic groups attached to Si, or by crosslinking.   Silicone polymers are 

prepared by condensation of di- or trihydroxymethylsilanes. 

180-200 C CH3        CH3 

(CH3)   Si (OH)2  ^ f - O - Si - O - Si - 1 
2 L 1 1     J 

-H20 CH3 CH3    n 

Silicone rubber 

200-220 C CH3 O 

CH3 Si (OH) 3    ^    [-O-Si-O-Si-l 

-H20 6 CH3    „ 

Silicone resin 

Uncured silicone resins are soluble in some organic liquids such as toluene, 

xylene, petroleum spirit, and n-butyl acetate.   Cured silicone resins can be swollenby 

toluene and some other Hydrocarbons, carbon tetrachloride, methyl chloride, acetone, 

methyl ethyl ketone, liquid ammonia, liquid sulphur dioxide, and glacial acetic acid. 

They may be decomposed by the attack of concentrated hydrochloric and sulphuric acids. 

Silicone resins have density about 1.0-1.2 g cm"3.   Its refractive index is about 

1.405-1.49, specific heat 0.36-0.37, thermal conductivity 0.00146 W cm-1 KT1.   Sil- 

icone resins that are flexible at room temperature have a brittleness temperature of 

200 K or lower.   The resins soften at temperatures from 300 K to above 470 K according 

to the degree of cure (cross-linkage).   Prolonged heating causes gradual loss of weight 

by breakdown of volatile products, e.g., benze.ie and cyclic siloxanes from methylsil- 

oxanes at 400-500 K.   Its electrical resistivity at room temperature is about 3.1013 - 

5.1015 Q cm and dielectric constant is 2.75-2. 85 from 60-10e HZ.   Its dielectric strength 

is about 20-120 kV/mm at room temperature, 50% lower at 370 K, and 20-30% lower for 

wet film.   The arc resistance of silicone resins is greater than that of the organic resins. 

a.   Normal Spectral Emittance (Wavelength Dependence) 

There are six sets of experimental data available for the wavelength dependence 

of the normal spectral emittance of silicone resins as listed in Table 19-3 and shown 

in Fig. 19-2.   Specimen characterization and measurement information for the data are 
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given in Table 19-2.   Two data sets each are for "Pyrosin" heat resistant paint on alu- 
riinum plate at 473 and 673 K with brown, green, and beige color, respectively.   In 

the wavelength region above X = 8 /im, there are very small differences among the 

values of emittance for different paint.   However, in the shorter wavelength region, 

i.e., X < 8 ^m, brown paint has the highest emittance value and beige paint has the 

lowest emittance value.   Since the data are limited, as a consequence, only provisional 

values were reported here.   The provisional values are listed in Table 19-1 and shown 

in Figure 19-1 for the green "Pyrosin" paint on aluminum plate at 473 K,   The estimated 

uncertainty is within ± 30^. 

\ 
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b.   Normal Spectral Reflectance (Wavelength Dependence) 

There are 21 sets of experimental data available for the wavelength dependence 

of the normal spectral reflectance of silicone resin coating as listed in Table 19-6 and 

shown in Figure 19-4.   Specimen characterization and measurement information for the 

data are given in Table 19-5.   There were 10 different kinds of silicone used for mea- 

surements.   The normal spectral reflectance values for silicone black paint (Pyrolac 

7G 800) were the lowest.   RTV-602 silicone on aluminum substrate has the highest 

reflectance values.   Only Wilburn and Renius [T47062] and Wetmore (T40420] measured 

the normal spectral reflectance in the wavelength region above 2.6 /xm.   Because the 

range of reflectance for silicone ii, ro wide, only provisional values are reported here 

which are listed in Table 19-4 and shown in Figure 19-3.   The provisional values are 

for a 0.43 mm thick Dow Corning 6510 silicone on aluminum substrate at 400 K.   The 

estimated uncertainty is within ± 30^. 
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c.   Angular Spectral Reflectance (Wavelength Dependence) 

There are seven sets of experimental data available for the wavelength dependence 

of the angular spectral reflectance of silicone resin coatings as listed in Table 19-9 and 

shown in Figure 19-6.   Specimen characterization and measurement information for the 

data are given in Table 19-8. Only specular reflectance data were measured.   All the 

specimens were coated over silver thin films and there is no information on the thick- 

ness of the silicone coating and silver thin film.   As a consequence of these difficulties, 

only provisional values are reported here which are listed in Table 19-7 and shown in 

Figure 19-5 with the experimental data as background.   The estimated uncertainty is 

about ±30%. 
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d.   Normal Spectral Transmittance (Wavelength Dependence) 

There are 26 sets of experimental data available for the wavelength dependence 

of the normal spectral reflectance of silicone resin as listed in Table 19-9 and shown 

in Figure 19-6 (bulk materials) and Figure 19-7 (thin films).   Specimen characteriza- 

tion and measurement information for the data are given in Table 19-8.   There were 22 

different kinds of silicone resins used for measurement; their transmittance values were 

quite different.   Therefore, only provisional values are reported here which are listed 

in Table 19-7 and shown in Figure 19-5.   The provisional values are for Dow Corning 

XR6-2044 silicone resin with thickness 0.112 mm at 293 K.   The estimated uncertainty 

is about ±30%. 
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4.20.   Aluminized Grafoil 

Aluminized grafoil is made by applying thin coatings of aluminum on grafoil, a 

pure flexible, insulating graphite tape with highly directional properties similar to those 

of pjTolytic graphite. 

The grafoil adds the advantage of flexibility to the thermal-insulating properties 

of pyrolytic graphite from the cryogenic range up to about 4000 K.    Preliminary values 

of the ratio of the thermal conductivity perpendicular to the surface plane to that along 

the surface range between 0.001 to 0.006, depending upon the type of grafoil tape mea- 

sured.   There is no increase in thermal conductivity at high temperatures as found in 

conventional insulation materials.   Grafoil tape and foil are normally produced in the 

1.0 to 1. 3 g cm"3 density range.   It can be embossed, wrapped, rolled, pressed or other- 

wise formed. 

Aluminized grafoil was made primarily for the purpose of providing a high-reflectivity, 

low thermal-conductivity material for cryogenic applications.   However, advantages of 

this material made it a favorable material in the area of aircraft design and space 

vehicle construction where heat insulation plays an important role. 

Experimental data on the thermal radiative properties of aluminized grafoil were 

not found in our literature search.   This discouraging fact does not prevent us from 

making a reasonable estimation for the radiative properties because the thin coatings of 

aluminum are usually thick enough to be opaque to the radiation and are therefore con- 

sidered as the sole material interacting with the incident radiation.   Therefore, the gen- 

eration of the most probable values on the thermal radiative properties of aluminized 

grafoil is based on the available data of aluminum. 

Literature survey for aluminum revealed an adequate amount of data on the normal 

spectral emittance, reflectance and absorptance.   Measurement information and experi- 

mental results obtained in this survey are given in Tables 20-1 to 20-10 and Figures 20-1 

to 20-5.   By careful review of the tables and figures, one will see that the magnitudes of 

the thermal radiative properties are very much affected by the surface conditions of the 

specimens.   The literature abounds with examples of test surfaces shown to be very sen- 

sitive to methods of preparation, thermal history, and environmental conditions.   Despite 

this awareness, descriptions of test surfaces are generally inadequate because of our 

modest understanding of the mechanisms or real surface effects and how to properly 

characterize a surface. 
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To isolate the individual surface characteristics is a difficult task.    For most 

materials it is not practical to alter one characteristic without causing an influence on 

another.   The control of the many variables required to study surface characterization 

in a logical manner is a complex problem.   As a result only the simplest of surface pro- 

files or compositional effects have been studied or are understood.    One of the most im- 

portant influences on the radiative properties of metals arises from surface roughness. 

Because of the difficulties mentioned above, data analysis and evaluation is not 

a straight forward task; some logical but not exact means should be used in the gener- 

ation of the most probable values for the properties of our interest.   Although the radia- 

tive properties could be strongly dependent upon the process of applying the metallized 

thin films, we considered them as mechanically polished surface as a first approximation 

and decided to use the classical model of Hagen and Rubens with some modification in 

the interpretation of the selected emittance data for mechanically polished surfaces. 

Details of such modification are discussed in Section 2 and Eq. (2. 5-5) is the resulted 

expression. 

Reliable and accurate available data on the normal spectral emittance of mechanically 

polished aluminum surface were obtained by converting the data sets, curves 4 and 5 of 

Figure 20-4, from absorptance to emittance using Kirchhoff's law.    Data for curves 4 

and 5 were measured at temperatures of 573 K and 293 K respectively.   By a least squares 

calculation the following equation was found to fit the selected data with uncertainties of 

less than ± 10$ for wavelength range 2. 5 to 20 ^m. 

e(otx) ■ o.ooo7 + o.0644 [1 + Y-f.m'2^ ]1/2 

■ 0.0206 [^0.00429^-2.3)] 

+ 0.00234 [1^x'
0_02

4
>
2
2

9
7(
T-293)]3/2, (4.20-1) 

a(o,x) = c{o,x), (4.20-2) 

and 

p( 0,2ir, X) = 1 - a( 0, X), (4.20-3) 

where X is in units of /im and T in K.   These three equations are used to generate the 

most probable values on the normal spectral radiative properties for the aluminized 

grafoil. 
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a.   Normal Spectral Emittance (Wavelength Dependence) 

Normal spectral emittance of aluminlzed grafoll is calculated from Eq. (4.20-1) 

and listed in Table 20-11 and plotted in Figure 20-6.   The values generated are considered 

as provisional (about ±25$ uncertainty) since they are estimated based on the aluminum 

data.   Provisional values are presented at five temperatures, 293, 450, 600, 750, and 850 K. 

Note that the provisional values are for the mechanically polished surface only.   Values 

of true surfaces are expected to deviate from those listed.   However, the tabulated 

values are believed to be reasonable for those surfaces of roughness less than 0. 5 ^im. 
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b.   Normal Spectral Emittance (Temperature Dependence) 

The normal spectral emittance as a function of temperature is given in Table 

20-12 and Figure 20-7.   The generated values are considered as provisional (uncer- 

tainty ±25^).   The plot clearly shows that emittance for a given wavelength does not 

vary appreciably for a wide temperature range.   Note that the melting point of aluminum 

at about 930 K is not far from the ending point (about 88o K) of each curve.   It seems that 

the curves can be extrapolated to or beyond the melting point.   However, there is no 

definite evidence to support this attempt. 
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c.   Normal Spectral Reflectance (Wavelength Dependence) 

As given in Table 20-13 and plotted in Figure 20-8 the normal spectral reflectance 

of aluminized grafoil is calculated by assuming that energy loss of the impinging radiation 

is entirely due to absorption.   The result is remarkably good as one can see by com- 

paring Figures 20-3 and 20-8.   Since the data analysis is totally based on the available 

data of aluminum, allowance is given in the estimation of the predicted values.   An esti- 

mated uncertainty of ±20^ is given to the calculated values so that the estimated values 

can be used for most of the true surfaces. 



386 

o 
X 
U) 
o 
u 
a 
ui 

ID 
ar 
HI 
_i 
ui 
-> 

_i < 
o a 
w ui e> 
^ r in 
<i n <c 
x M 
c: .1 ii 
ui u 
3" a. H 

(\J i 1 «  -W ^1 M N. >J M Ul '0 "1 O »-I M « J- to v^J f. r»  00 CT O1 O O .H  r< 
IM M to to   * ^ ^ irt n\ a\ ^^ in ifl lü >n »o >o 'O id  D ■(> 'O u3 >() ^ K h« N- 
m o» o» V cr» cr» r* o» o^ o* o* o» rj» o"» o» n» ir1 u> u» w CP o* o^ 0* c^ O* ff* 0> 

C( C3 O O 'J a» «3 C3 O C3 C3 ri O O O O C» »,> CJ Ci r> O C> O CJ ^J C3 C3 

ir» ro o in 'O i-j irv « c» cj u> o T o IT* o ir* «-i in o in o m o m o ift o 

tU(SJfOMn^^lAUVtO<0r»K0<OO»O,C>a*<iHNftl'<i''>^^lfl 

a • 
u. •41 
• t '-> 
K -i 
ts •-r 

1- 
Q CD 
Ul JJ 
M -> 
K- u. 
*■ UI 
H M 
7 -' • » 

UN ••l.*e»wu>0,N-*N«ncir«''>-l' U* >o K m n IT o o ^-i <•! M M ^ 
rj M ro   t v * .t in i^ j^ UN o o vo D i0 o u) o <D o r- N. K i^- h~ r. t». 

>■ o or c^ cr> ty ON <T^ o^ o* o"1 T» o' a^ rr» o1» o- ('% o-» u-1 ü^ i/* a» c^ O1 u» IT» a» ex» 
_) •••«•••••••••••• ••• 
_i rj o o o es o ci c» o <-■> o ^J >."> o o o (T a o o o n r-» o CJ o CJ o 
«t 
0 o 
H ui a 
z T in 
«I (/) K 
1 »-* UN d o UN <D CD ^ t^ u1. o in o in o UN a T» » • UN 'j in '-a UN CJ vrt r> u'i o 
ojii        ............................ 
LJ O M PJ P0  fO fO  -|   -t UN ItN vi)  tO r^-  ^ =0 O) (^ I" n o rt _( M M fO M   J- j- m 
rat- rtww^^^^^^^iw 

•u ui 
<) (V 

3 " :- 
H •J 
U '.' 
Ul Ui 
.J a 
U. i- 
Ui 01 
a h- 

_i • ■- 

•c g 
c. it 
►- 
o » 
l.l /< 
a 
'/i • 

X 
J i- 

•i o 
vr X 
w Ul 
'i -1 s Ul 

■-> 

_i • c 
• ' :c 

> 
o 
.v 
a 

Q.    > 

0 a 
H ui a 
^ T o 
<f '/I »O 
1 M 
CJ _l   II 
Ul o 
r Q. >- 

_1 
•■< 

o o 
M Ul O 
r. i in 
t vi -t 
x >i 
o -i ii 

^      I'l o 
r: o. »- 

r.. M r^- -r h- en fo w io r. »'i PO UN a» h- on o o .-i .-i ro nj ^ *T  J UN UN UN 
M PO fl ,t J- J Id Ifi in >0 t.T l0 vD »0 UN .0 i0 p^ h- N, i^ i-^ K f- f-, N. r- h« 
0^ ON C"' iP  ON CP CP C UN O' 0-* .7^ CP 0-» CT C' 0' J^ 0^ i"P c m C (P O» 0^ CT» CP 

i.-» o o o u a ra < > rj CJ i j CD o o o CN r» »D o ':i ij o CD CJ O rr O O 

in «5 i*> in «N CD in o I'N CD in o u> <D m u m o IT o in «J O CD L^ I^J UN O 

M IM PO .VN M -* -t in m «o -o f • P^ en ON rr ö"
1
 r.i «D *•* •-( ^J ni PO PO J-   f ln 

.4 vl v4 ^1 .1 .1 t I .4 «H .■! ^1 

ON P^ »-1 HD Cd .t PN- O lO »LI ,n ,O PP O ^ IM l*N S* f in '.n vO O P*. P*. iO <o UN 
M r^ ^ j- m in ii\  i) IO >r vo «a u} K K N f1 P^ P~ f^ P • P- r^ r^ p- r. K r«. 
ON Oi 0> lf> T 0' 0» C'1 C 0> rj> c> ip (p 0^   J   '-" C 01 O^ 01 CP ON ^ 0' ^ 0' U» 

rj CD o rj o u o c) cj - j CJ CJ rj o o o ID I.* CJ o o ID ID O CJ CJ O O 

u> rO i > u^ iO n IT. o in »D UN CD in cj m c» in 11 in CJ m t J m c> m CJ '^N o 

M i\j o M po -r J UN in 'ii   ti p». l^ « « 17N c« ID '■> .4 ^ M n ^ PO  j  t in 
.   ^       .   4     ,    I      T*       ■     I      ,    I      -   I I      ,   I     Tl       .4 

l.l 
_l 
ni 
■t 

> 
-J 
~l 
't 
0 0 
M liJ p») 
T.  X m 
1 l/) «NJ 
rc 1-4 
0 _J H 
IU 0 
J: a V- 

PO fO <r> .0 (TN •-* ir« N- T1 »-< '*) -t 'n «0 KK'O'J'O^OO^^M^i^W"! 
^o -t •>  A if> «'t «o »o -r* t

v, t. r. N- r». K* N. ^. ^ N. -i» .j ao <o f^ ■»! <o «ts 'o 
IT* ni c c» e* fr» G» T» n^ '"n fp c-* 'ft en ^ cr o^ o^ T^ «T^ <« on n* <T> ^ <^ a> <^ 

f.»  <3 * /  C»  CJ  t'J   CJ   ■  »  CJ  ' r J KJ Cf O l 0 u i,-> o ii »-J rj D t> t.> CJ o cj 

10 m w irt ro w m n m ' 1 ir\ ri tr\ ca in < J in n »^ r^ »n '» t<% o irt (-> u% »•» 

CJ rj rr) h-) ro  -t    t u> l.% -J    O N. N.   O a> u-* i rj n »1 ^ '.\) f^i 1 1 r^) j-   * m 
. 1     .,..-,. *   ,4  ,4   ,, ,.   ^ 



887 

i 
et 
CD 

s 
21 

Li- 

UJ 

UJ 
_l 
Li. 
ÜJ 
tt 

cr 
ct 
1-   • 
LJ -' 
UJ UJ 
a. u 

ui 

2: UJ 

83 UJ 

_l 1 
Z O) 
B3 Z 
.-. UJ 
IO _l 
»-• UJ 

^5 

? 
o 
OJ 

UI 
u: 
s 

3DNbiD31J3a 



888 

d.   Normal Spectral Reflectance (Temperature Dependence) 

In Table 20-14, the provisional values of the normal spectral reflectance are 

given with an estimated uncertainty of ±20^.   The variat on of the property as a function 

of temperature is demonstrated in Figure 20-9.   For a given wavelength, the normal 

spectral reflectance remains as a constant from room temperature up to near the melting 

point of the material.   At higher temperatures our knowledge on this property is lacking. 

However, it seems that a linear extrapolation of the curve to and above the melting point 

can be used with uncertainty of no more than ±35^. 
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e.   Normal Spectral Absorptance (Waveleng+Ji Dependence) 

The normal spectral absorptance is obtained from reflectance according to the 

Kirchhoff s law, and is numerically equal to the emittance.   The absorptance varies 

appreciably for wavelengths lower than 4.0 ^im and remains practically unchanged for 

longer wavelengths.   The generated provisional values with ±25^ uncertainty are given 

in Table 20-15 and plotted in Figure 20-10. 
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f.   Normal Spectral Absorptance (Temperature Dependence) 

The proviisional values of the normal spectral absorptance of alumlnized grafoil 

is given in Table 20-16 and plotted in Figure 20-11.   They are numerically equal to the 

normal spectral emittance.   Comparing our predicted curves for 5.0 ^im and 10.0 ^m 

with the available data in Figure 20-5, it appears that our predicted values are higher 

than experimental values.   By a careful examination of the measurement information, 

one sees that the experimental points in Figure 20-5 are for thin films.   The absorptance 

of bulk material is in general higher than that of thin film.   An uncertainty of 25^ is 

incooperated to the provisional values so that they can be used for most of the real sur- 

faces. 
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g.   Transmittance 

Although it is true that metals in the form of extremely thin films may be 

transparent for a wide wavelength range, they are opaque if the thickness is greater 

than several hundred angstroms.   Consequently, composites with a metal layer are opaque 

to visible and infrared radiation because in general applications they are not used as 

extremely thin films.   This leads to the conclusion that as an aircraft/spacecraft struc- 

tural material, this composite is opaque and its transmittance is zero. 
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4.21.   Boron Fiber Aluminum Matrix Composite 

Boron fiber aluminum matrix composite is made in the form of sheet or tape. 

The sheets are made by diffusion bonding boron fibers between two sheets of aluminum or 

aluminum alloys.   The tape is made by plasma spraying the 713 braze alloys.   The tape 

is then diffusion or braze bonded into any desired configuration. 

Boron filaments are formed by the vapor deposition of boron on a fine tungsten 

wire substrate within a reactor.   Exposure of the tungsten substrate to the high temper- 

ature boron trichloride reactor environment results in a filament consisting cf a boron 

sheath on a tungsten boride core.   Boron fibers have higher tensile strength and modulus 

of elasticity than the graphite fibers commonly used in composite materials.   Their melt- 

ing point is higher than that of aluminum generally used in conjunction with them.   The 

boron filaments are currently produced by two principal sources, Hamilton Standard and 

Avco.   It might be noted that composites using Borsic filaments are also available com- 

mercially.   These are boron filaments coated with silicon carbide in order to adapt boron 

filaments to high temperature usage in composite. 

In the area of metal matrix, aluminum or aluminum alloys are currently com- 

mercially available. 

The advantage of the boron fiber aluminum matrix composite is that along with 

its light weight it has a high temperature and heat resistance.   Although the fiber material 

stands very high temperatures, its aluminum composite is not recommended for continuous 

service above 590 K, but the intermittent service to 645 K is possible.   The products are 

available commercially in a wide range of laminate thickness including monolayer sheets 

in finished form.   Virtually all of the actual hardware items built to date have been fab- 

ricated using standard fiber volume fractions of fifty percent. 

The composite materials are fabricated primarily for aircraft constructions 

because of their advantages.   Much of their mechanical and thermal properties are exten- 

sively as well as intensively measured.   As a result, numerous publications in those areas 

are available at users' disposal. 

With regard to the thermal radiative properties of these composites, it is unfor- 

tunate to find that there is nothing available, a very discouraging fact to workers in laser 

research.   However, in view of the facts that the fiber materials are diffusion bonded 

between sheets of aluminum and the thickness of aluminum sheet is far more than enough 

to be opaque to the radiation, the thermal radiative properties of composite materials 

can be fully described by considering them as aluminum alone.   Although aluminum alloys 
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2024-T851 and 6061-T6 are also commonly used as the matrix materials, the final products 

of the composites are usually alclad for corrosion resistance.   Therefore, the generation 

of the most probable values on the thermal radiative properties of boron fiber aluminum 

matrix composite is based on the available data of aluminum. 

Literature survey for aluminum revealed an adequate amount of data on the normal 

spectral emittance, reflectance, and absorptance.   Measurement information and exper- 

imental results obtained in this survey are given in Tables 20-1 to 20-10 and Figures 20-1 

to 20-5.   By careful review of the tables and figures, one will see that the magnitudes of 

the thermal radiative properties are very much affected by the surface conditions of the 

specimens.   The literature abounds with examples of test surfaces shown to be very sen- 

sitive to methods of preparation, thermal history, and environmental conditions.   Despite 

this awareness, descriptions of test surfaces are generally inadequate because of our 

modest understanding of the mechanisms or real surface effects and how to properly 

characterize a surface. 

To isolate the individual surface characteristics is a difficult task.   For most 

materials it is not practical to alter one characteristic without causing an influence on 

another.   The control of the many variables required to study surface characterization 

in a logical manner is a complex problem.   As a result only the simplest of surface pro- 

files or compositional effects have been studied or are understood.   One of the most im- 

portant influences on the radiative properties of metals arises from surface roughness. 

Because of the difficulties mentioned above, data analysis and evaluation is not 

a straightforward task; some logical but not exact means should be used in the gener- 

ation of the most probable values for the properties of our interest. It is decided that 

the classical model of Hagen and Rubens with some modification is used to interpret the 

selected emittance data for mecnanically polished surfaces, which is chosen as a good 

approximation to the real surfaces. Details of modifying the Hagen and Rubens equation 

are discussed in Section 2 and Eq. (2. 5-5) is used for data analysis. 

Reliable and accurate available data on the normal spectral emittance of mechanically 

polished aluminum surface were obtained by converting the data sets, curves 4 and 5 of 

Figure 20-4, from absorptance to emittance using Kirchhoff's law.   Data for curves 4 

and 5 were obtained at temperatures of 573 K and 293 K respectively. By a least squares 

calculation Eq. (4.20-1) was found to fit the selected data with uncertainties of less than 

± 10^.   Absorptance and reflectance can be calculated by using Eqs. (4.20-2) and (4.20-3). 

By a quick scanning review of the details on the available data and information given 

in Tables 20-1 to 20-10 and Figures 20-1 to 20-5, it appears that the surface roughness 
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can be incorporated into Eq. (4.20-1).   However, no attempt was made because there 

was not a single systematic information on the roughness dependence of the radiative 

properties available for data analysis.   As a result, only the radiative properties of 

mechanically polished surface are presented here.   Note that in the following tables more 

decimal places are reported than warranted merely for the purpose of tabular smooth- 

ness and internal comparison.   Readers are advised to use the appropriate uncertainties 

given in each case. 

a.  Normal Spectral Emittance (Wavelength Dependence) 

Normal spectral emittance of mechanically polished boron fiber aluminum matrix 

composite is calculated from Eq. (4.20-1) and listed in Table 21-1 and plotted in Figure 

21-1.   The values generated are considered as provisional (about ±25^ uncertainty) since 

they are estimated based on the aluminum data.   Provisional values are presented at five 

temperatures, 293, 450, GOO, 750, and 850 K.   Note that the emittance is usually quite 

low and remains practically constant for wavelengths longer than 6 ^xm. 
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b.   Normal Spectral Emittance (Temperature Dependence) 

The normal spectral emittance as a function of temperature is given in Table 

21-2 and Figure 21-2.   The generated values are considered as provisional with un- 

certainty ±25^.   The plot clearly shows that emittance for a given wavelength does not 

vary appreciably for a wide temperature range.   Note that the melting point of alumi- 

num at about 930 K is not far from the ending point (about 880 K) of each curve.   It seems 

that the curves can be extrapolated to or beyond the melting point. 
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c.   Normal Spectral Reflectance (Wavelength Dependence) 

As given in Table 21-3 and plotted in Figure 21-3, the normal spectral reflec- 

tance of boron fiber aluminum composite is calculated by assuming that energy loss of 

the impinging radiation is entirely due to absorption.   The result is remarkably good 

as one can see by comparing Figure 20-3 and Figure 21-3.   Since the data analysis is 

totally based on the available data of aluminum, allowance is given in the estimation 

of the predicted values.   An estimated uncertainty of ± 20^ is given to the calculated 

values. 
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d.   Normal Spectral Reflectance (Temperature Dependence) 

In Table 21-4, the provisional values of the normal spectral reflectance are 

given with estimated uncertainties of ± 20^.   The variation of the property as a function 

of temperature is demonstrated in Figure 21-4.   For a given wavelength, the normal 

spectral reflectance remains as a constant from room temperature up to near the melting 

point of the material.   At higher temperatures our knowledge on this property is lacking. 

However, it seems that a linear extrapolation of the curve to and above the melting point 

can be used with uncertainty of no more than i 35^. 
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e.   Normal Spectral Absorptance (Wavelength Dependence) 

The normal spectral absorptance is obtained according to tne Kirchhoff's law, 

i.e., numerically the absorptance is equal to the emittance.   As a result, Table 21-5 

and Figure 21-5 appear the same as Table 21-1 and Figure 21-1, as well as the uncer- 

tainties (±2550 .   The absorptance varies appreciably for wavelengths lower than 4.0 ßm 

and remains practically unchanged for longer wavelengths as shown in Figure 21-5. 



o .- 
ül 
o 
•t 

It 

913 

-J 

lü 
K »-• 

o 
a 
T 
O 
o 

■I 
o CJ 
H lij o .' i IT. 
't M 00 
1 ►-! 
u -I II 
III Ü 
X a ►- 

00 C» N. fvj 0^ fs. ro u» eo ü\ -J W o 0> «> K. »A» 'A -J* ."O hl M »4 ^-* c> c; O» <r 
K r^. MO J3 irs u\ in I/» -* ■* -t -J- -> ro fo fr. ro M M ■'» ^ ro ro « ro h* CJ (VJ 
€3 rj o o rj f^ <-> ra o o •. > ra (j o n o en "> » J r.i ■-» o «J o o ■-> t^ o 

O CJ CJ CJ   C3  C>   CD   Ci O  O  TO  CJ  O  CJ O  (J » J C J   (-1 Ci  *-»  C>  CJ  13  ti r>  c»   C3 

if» co a iu « es u\ * i in o iA o UN o i.^ o in o m »T in o in o in t3 irv o 

rj (vj ro ro ro -r -^ in in uj VD r- N. « a? o' a1 cj -3 w *•< CJ ru ro ro  t -^ u\ 

►- ') 
•t ^ 
■r <l 

►- 
C a 
o iy <; o 
M in 
r rn 
3 a 
-I 
«J • » 

^ 
rt- 
l.l » 
a M 
n 
u. » 

lü 
C a: 
o r» 
S t- 
C.5 <» 
CB a; 

UJ 
la a. 
o r 

in 
111 i- 
t> -; ■• 
< r: »- -J 
a 
(i? ► 

o s< 
<T 
oa * 
• r I 

t- 
-J o 
•t ■r 5 Ul >~ -J u IU 
III > 
a t 
01 T 

WJ 

_J 
•i 
r ae 
o 

i 
> 
o 
a- 
a 

i 
-< 
N 
il 

0 D 
M  UJ O 
z x in 
<t i/i t>, 
1 M 
u _J  II 
uj o 
7: a. H- 

« 
o o 
w l.l 19 .-' X a 
•t 1/1 ■ D 
X ►H 
o -1 II 
UJ o 
T 0- •- 

0 Q 
>-< Ul o 
z I in 
«t i/i -t 
1 w 
f j -j ii 
ui o 
ar a. H- 

m cr vo o ^ u'1. •^•iflWWoO^KiOtn  t M C\J (\j ^i o o m ^ co as K 
Ki0>o>owmiA^-4,''^-tnmnni>)n)>)nnnioM <j o <M M 
CJ '-3 O fj (..I tJ O CJ <1» C3 O O Ci C) O fJ -^ Cl C3 CT O <-> O fJ t > Cl C3 O 

C7 f-J tl rj cj CJ o ra n cj tj tj o ii rj n c> fj ci cj o i"i n »-3 cl o f J ^ 

ui to o> in -o o ui o in o m o ui ü IO o ui o tn u in o m a u> u m o 

rj pj ro "j fo ^f -t m Li .o JJ N f*- "o » (7' t^ «^ c ^ »i "^ <M 'o 'T ■» •* m 

M r^ ro vu r-j --< r>. ^r ri o n r^ u\ ^ :o ^j *-i o O"1 cn ai «j f^ vu 'U u\ in u> 
K»0J>lftUNlf>^.*-T^MWWMf0«WM fJ Pj M nj M (\i M n rvj P4 
O i.l o CJ rj CJ cj rj o u) '"J o o cl CJ ll O i^j m c» o rj ci t.i cj *_j cj o 

e i cj o ci ci o t? rj n o u o cj ri ci cj ci «-I eaaonocjciouo 

in «j a in 'O o ;n n in '^  ti o in o in o n in n if> o in r-i in rj u^ o 

M nj ro M M .f J1 i^ in   0   0 h~ h. en « (T>  ,> ci o -< -< m csj M n   t ^ in 

»•i M 0> (\j <n ,0 fo rj N. m  t f>i <i o T <o ^ '0  D in in -t -r ^i ro nj f\j ^ 
^ -S) in m -t -J* .!■ ~t Ki IO ^i M IO M (\j nj rj n I^J m nj nj fy rj ri nj nj nj 
i ;   ^.i      <   . j   u   i i   . j   ._.   i j   ( ,   ■  >    ^   . J  i j  .J   ^.   -  .      i     j   ^_)      F   ■ .>   '   t   ■ ■     v   .  .   . 1   UJ 

aoacscaoooouootjouooi ■ o ci rj o a -j <r> tj o 

in tfi ci in <« o m o in i-i in is UI ci m o ii ri in t-i in ci U'N a in o in es 

M rj PO io fo ^ .» in in   J ■<> f-. t-. -o <o cr iP n 'i »< »-i PJ M "O M   )■ ,♦ :n 
T4   il   r<  •-•   i^  ri ••   i-l   <4  H   «H 

■ 0 in in J" -* i*) ro ro io PJ f.j nj ^J nj n M rj nj rj nj -. . i -M . < . ,i , i ,i 
c» < > rj o CJ ci tj o n i ' o n '"» o ci ' i »*i »i - 3 o * i '.i» «n ..i !• i n CJ ci 

■ l 1    f_)     < J    '    )     .: J     l    ■    . _.     ■, '    .    I _■    ■    .    1   »    '    .    -    J     <    i    l   1     '    >     1   )     •    )     '    ,     1    .     ■   y    '    I    . r    .      ,    ) 

Ü O 
»-1 UJ PO 
Z I <T> 
«»  (/) <\J 
T t-t in m n m m « m o in ■:■ 'n ci in o in "^ 'n >-» u  o m o in <■> in o in o 

><       U-IM »•••••»••••••••»•••••••••••• 
ui o rj eg f»> lo to ^ ^r in m .o  D f. p^ tj <o (7> tr1 n •-»•<•< m M M 'i -t ^ u< 
i   a_ i— ■»^»-4rtr^-4»^^^lw•■^•-l 



914 

a: 
UJ F 
z: 
D 
ce 
L-> 

a: 
r t 
CD 

UJ 
_J 

cr 

UJ UJ 
*< Q 2: z cr uj 

£3 Q_ 
1/7 UJ go 

oc z 
F UJ 
O _l 
LU UJ 
O. > 

r UJ 
C3 •—< 
z5ß 
CT  Z 
Z D 

> tr 
B •- cr cr 

33NUidilOSQÜ 



915 

f.   Normal Spectral Absorptance (Temperature Dependence) 

The provisional values of the normal spectral absorptance of boron fiber aluminum 

matrix composite is given in Table 21-6 and plotted in Figure 21-6.   They are numerically 

equal to the normal spectral emittance.   In Figure 21-6, our predicted curves for 5.0 ^m 

and 10.0 ßia are higher than experimental values plotted in Figure 20-5.   By a careful 

examination of the measurement information, one sees that the experimental points 

in Figure 20-5 are for thin films.   The absorptance of bulk material is in general higher 

than that of thin film.   An uncertainty of 25% is given to the provisional values so that they 

can be used for most of the real surfaces. 
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g.   Transmittance 

Although it is true that metals in the form of extremely thin films may be 

transparent for a wide wavelength range, they are opaque if the thickness is greater 

than several hundred angstroms.   Consequently, composites with metal matrix are 

opaque to visible and infrared radiation because in general applications they are not 

used as extremely thin films.   This leads to the conclusion that as an aircraft/space- 

craft structural material, this composite is opaque and its transmittance is zero. 
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4.22.   Graphite Fiber Aluminum Matrix Composite 

Graphite fiber aluminum matrix composite is made in the form of sheet or tape. 

The sheets are made by diffusion bonding graphite fibers between two sheets of aluminum 

or aluminum alloys.   The tape is made by plasma spraying the 713 braze alloys.   The 

tape is then diffusion or braze bonded into any desired configuration. 

There are three types of graphite fibers currently in large-scale production. 

These filaments have varied tensile strengths, moduli of elasticity, and densities.  Graph- 

ite fibers for use in composite materials are made by the carbonization of organic fibers. 

Polyacrylonitrile (PAN) is most commonly used today, but acrylic and rayon fibers have 

been used to some extent in the past.   The mechanical properties of the fibers depend 

on the temperatures used in the carbonization process.   Temperatures of 2800-3300 K 

yield fibers with high moduli of elasticity but with relatively low tensile strength while 

temperatures of 1800-2300 K result in fibers of the highest tensile strength but only 

moderate elasticity.   The melting point of the graphite fibers is much higher than the 

aluminum matrix components generally used.   The fibers are available in short lengths 

(about 48 inches) and continuous lengths up to 3000 feet.   The mechanical properties of 

these two forms are somewhat different. 

In the area of metal matrix, aluminum or aluminum alloys are currently com- 

mercially available. 

The advantage of the graphite fiber aluminum matrix composite is that along 

with its light weight it has a high temperature and heat resistance. Although the fiber 

material stands very high temperatures, its aluminum composite is not recommended 

for continuous service above 590 K, but the intermittent service to 645 K is possible. 

The products are available commercially in a wide range of laminate thickness including 

monolayer sheets in finished form. Virtually all of the actual hardware items built to 

date have been fabricated using standard fiber volume fractions of fifty percent. 

The composite materials are fabricated primarily for aircraft constructions 

because of their advantages.   Much of their mechanical and thermal properties are ex- 

tensively as well as intensively measured.   As a result, numerous publications in those 

areas are available at users'disposal. 

With regard to the thermal radiative properties of these composites, it is un- 

fortunate to find that there is nothing available, a very disrr.i .raging fact to workers in 

laser research.   However, in view of the facts that the fiber materials are diffusion 

bonded between sheets of aluminum and the thickness of aluminum sheet is far more than 

i 
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enough to be opaque to the radiation, the thermal radiative properties of composite ma- 

terials can be fully described by considering them as aluminum alone.   Although aluminum 

alloys 2024-T851 and 6061-T6 are also commonly used as the matrix materials, the 

final products of the composites are usually alclad for corrosion resistance.   Therefore, 

the generation of the most probable values on the thermal radiative properties of graphite 

fiber aluminum matrix composite is based on the available data of aluminum. 

Literature survey for aluminum revealed an adequate amount of data on the normal 

spectral emittance, reflectance, and absorptance.   Measurement information and exper- 

imental results obtained in this survey are given in Tables 20-1 to 20-10 and Figures 20-1 

to 20-5.   By careful review of the tables and figures, one will see that the magnitudes of 

the thermal radiative properties are very much affected by the surface conditions of the 

specimens.   The literature abounds with examples of test surfaces shown to be very sen- 

sitive to methods of preparation, thermal history, and environmental conditions.   Despite 

this awareness, descriptions of test surfaces are generally inadequate because of our 

modest understanding of the mechanisms or real surface effects and how to properly 

characterize a surface. 

To isolate the individual surface characteristics is a difficult task.   For most 

materials it is not practical to alter one characteristic without causing an influence on 

another.   The control of the many variables required to study surface characterization 

in a logical manner is a complex problem.   As a result only the simplest of surface pro- 

files or compositional effects have been studied or are understood.   One of the most im- 

portant influences on the radiative properties of metals arises from surface roughness. 

Because of the difficulties mentioned above, data analysi     id evaluation is not 

a straightforward task; some logical but not exact means should be used in the genera- 

tion of the most probable values for the properties of our interest.   It is decided that 

the classical model of Hagen and Rubens with some modification is used to interpret the 

selected emittance data for mechanically polished surfaces, which is chosen as a good 

approximation to the real surfaces.   Details of modifying the Hagen and Rubens equation 

are discussed in Section 2 and Eq. (2. 5-5) is used for data analysis. 

Reliable and accurate available data on the normal spectral emittance of mechanically 

polished aluminum surface were obtained by converting the data sets, curves 4 and 5 of 

Figure 20-4, from absorptance to emittance using Kirchhoff's law.   Data for curves 4 and 

? were obtained at temperatures of 573 K and 293 K respectively.   By a least squares 

calculation Eq. (4.20-1) was found to fit the selected data with uncertainties of less than 

i 10^.   Absorptance and reflectance can be calculated by using Eqs. (4.20-2) and (4.20-3). 
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By a quick scanning review of the details on the available data and information 

given in Tables 20-1 to 20-10 and Figures 20-1 to 20-5, it appears that the surface rough- 

ness can be incorporated into Eq. (4.20-1).   However, no attempt was made because 

there was not a single systematic information on the roughness dependence of the radiative 

properties available for data analysis.   As a result, only the radiative properties of 

mechanically polished surface are presented here.   Note that in the following tables more 

decimal places are reported than warranted merely for the purpose of tabular smoothness 

and internal comparison.   Readers are advised to use the appropriate uncertainties 

given in each case. 

a.   Normal Spectral Emittance (Wavelength Dependence) 

Normal spectral emittance of mechanically polldhed graphite fiber aluminum matrix 

composite is calculated from Eq. (4.20-1) and listed in Table 22-1 and plotted in Figure 

22-1.   The values generated are considered as provisional (about ±25^ uncertainty) since 

they are estimated based on the aluminum data.   Provisional values are presented at five 

temperatures, 293, 450, 600, 750, and 850 K.   Note that the emittance is usually quite 

low and remains practically constant for wavelengths longer than 6 /jm. 
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b.   Normal Spectral Emittance (Temperature Dependence) 

The normal spectral emittance as a function of temperature is given in Table 

22-2 and Figure 22-2.   The generated values are considered as provisional with ±25^ 

uncertainty.   The plot clearly shows that emittance for a given wavelength does not vary 

appreciably for a wide temperature range.  Note that the melting point of aluminum at 

about 930 K is not far from the ending point (about 880 K) of each curve.   It seems that 

the curves can be extrapolated to or beyond the melting point. 
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c.   Normal Spectral Reflectance (Wavelength Dependence) 

As given in Table 22-3 and plotted in Figure 22-3 * -e normal spectral reflectance 

of graphite fiber aluminum matrix composite is calculated by assuming that energy loss 

of the impinging radiation is entirely due to absorption.   Since the dr^a analyeis is totally 

based on the available data of aluminum, allowance is given in the estimation of the pre- 

dicted values.   An estimated uncertainty of ±2(K is given to the calculated values. 

, 
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d.   Normal Spectral Reflectance (Temperature Dependence) 

In Table 22-4, the provisional values of the normal spectral reflectance are 

given with an estimated uncertainty of ± 20^.   The variation of the property as a function 

of temperature is demonstrated in Figure 22-4.   For a given wavelength, the normal 

spectral reflectance remains as a constant from room temperature up to near the 

melting point of the material.   At higher temperatures our knowledge on this property 

is lacking.   However, it seems that a linear extrapolation of the curve to and above 

the melting point can be used with uncertainty of no more than ±35^. 

J 
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e.   Normal Spectral Absorptance (Wavelength Dependence) 

The normal spectral absorptance is obtained according to the Kirchhoff's law, 

i.e., numerically the absorptance is equal to the emittance.   The absorptance varies 

appreciably for wavelengths lower than 4.0 ^xm and remains practically unchanged for 

longer wavelengths.   The generated provisional values with ±25/^ uncertainty are given 

in Table 22-5 and plotted in Figure 22-5. 
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f.   Normal Spectral Absorptance (Temperature Dependence) 

The provisional values of the normal spectral absorptance of graphite fiber alumi- 

num matrix composite is given in Table 22-6 and plotted in Figure 22-6.   They are numer- 

ically equal to the normal spectral emittance.   In Figure 22-6, our predicted curves for 

5.0 ^im and -0,0 /im are higher than experimental values plotted in Figure 20-5.   By a 

careful examination of the measurement information,  one sees that the experimental 

points in Figure 20-5 are for thin films.   The absorptance of bulk material is in general 

higher than that of thin film.   An uncertainty of 25^ is incorporated to the provisional 

values so that they can be used for most of the real surfaces. 

."■■   .   — ■ 
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g.   Transmittance 

Although it is true that metals in the form of extremely thin films may be 

transparent for a wide wavelength range, they are opaque if the thickness is greater 

than several hundred angstroms.   Consequently, composites with metal matrix are 

opaque to visible and infrared radiation because in general applications they are not 

used as extremely thin films.   This leads to the conclusion that as an aircraft/space- 

craft structural material, this composite is opaque and its transmittance is zero. 



940 

4.23.   Boron Fiber Epoxy Composite 

This composite material consists usually of continuous boron filaments surrounded 

by a matrix of epoxy resin.   It is usually produced in tape form so it can be used in fur- 

ther fabrication of specialized materials. 

The boron filaments, as currently produced, are formed by vapor deposition 

of boron on a fine tungsten wire substrate within a reactor.   Exposure of the tungsten 

substrate to the high-temperature boron trichloride reactor environment results in 

a filament consisting of a boron sheath on a tungsten boride core.   Other means of pro- 

ducing boron filaments are currently being investigated which would eliminate the tungsten 

substrate. 

The organic matrix resins most commonly used with boron filaments are modified 

epoxy resins available as commercial formulations developed specifically for this pur- 

pose.   Other organic resins used include polyamides and phenolics.   However, the state 

of the art with these resins is less advanced than for the epoxy materials. 

The normal service temperature range of the boron fiber epoxy composite is 

dependent on the type of epoxy resi^ being used as a matrix.   This range is nominally 

220 K, where the epoxy becomes very brittle, to 450 K,   Epoxy resin decomposes around 

590 K. 

The boron fiber epoxy is fabricated primarily for aircraft constructions, much of 

its mechanical and thermal properties are studied.   As a result, a large amount of ex- 

perimental data are made available.   However, with regard to the thermal radiative 

properties of the composite, it is quite discouraging.   Only one set of systematic exper- 

imentally determined data on the normal spectral reflectance is all that can be uncovered 

by our open literature search.   This leaves us no choice but to use it as the basis for the 

estimation of the most probable values of the radiative properties for boron fiber epoxy 

composite. 

The fact that the composite material is made by bonding boron fibers in a matrix 

of epoxy resin implies that epoxy is the material which predominately contributes to the 

thermal radiative properties of the composite material.   The other component, the boron 

fiber, plays minor role.   Indeed, by comparing the shapes of the normal spectral reflec- 

tance curves (Figure 23-4 in this subsection and Figures 24-4 and 25-4 in subsections 4.24 

and 4. 25 respectively) we can see the spectral band patterns of the three epoxy composite 

materials (boron fiber epoxy composite, glass fiber epoxy composite and graphite fiber 

epoxy composite) are similar. 

" 
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Reflectance of epoxy is generally fairly low, about 10^, for wavelengths longer 

than 2. 5 ^m.   Also, it does not change appreciably as the material is heated up and goes 

decomposition phase and into the char region [A00004].   In other words, the radiative 

properties of epoxy are independent of temperature. 

For epoxy composite materials, the following two relations are commonly used 

as good approximations: 

a( 0, X) = i - p( 0,27r, X); 

c(O.X) =a(0,X), 

because of opaqueness of the materials. 

According to the facts discussed above, we are in a position to estimate the 

following six subproperties for boron fiber epoxy composite based on the single available 

set of reflectance data: 

Normal spectral emittance (wavelength dependence) 

Normal spectral emittance (temperature dependence) 

Normal spectral reflectance (wavelength dependence) 

Normal spectral reflectance (temperature dependence) 

Normal spectral absorptance (wavelength dependence) 

Normal spectral absorptance (temperature dependence) 

a.   Normal Spectral Emittance (Wavelength Dependence) 

Provisonal values of the normal spectral emittance of slightly grit-blasted 

boron fiber epoxy composite are obtained from the analyzed result of reflectance by using 

the relation a( 0, X) = 1 -p(0,27r, X) avid Kirchhoff's law.   Such converson is frequently 

used for the materials whose refle:ti(nje is known [A00004J.   The provisional values, 

listed in Table 23-1 and plotted in Ffypjre 23-1, are in general very close to unity.   For 

rough uses, a value of 0.95 can be saiely used because the uncertainty of the provisional 

values is ± 20^. 
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b.   Normal Spectral Emittance (Temperature Dependence) 

The normal spectral emittance as a function of temperature is given in Table 

23-2 and plotted in Figure 23-2.   The generated values are considered as provisional 

with 20^ uncertainty.   Here, we present the property values as a constant for a given 

wavelength because it has been observed in epoxy composites that the radiative prop- 

erties do not change apprecia^y with temperature [A00002].   With 20^ uncertainty, 

the provisional values can be safely used for most of the true surfaces. 

I 
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c.   Normal Spectral Reflectance (Wavelength Dependence) 

As given in Table 23-3 and plotted in Figure 23-3, the provisional values of boron 

fiber epoxy composite are obtained by reading off from a curve smoothed out from the 

only available set of data shown in Figure 23-4.   It shows a quite complex spectral dis- 

tribution of energy reflected from the composite material.   Because of scantiness of 

the available data and spectral complexity, no attempt was made to carry out analytical 

calculations but the smoothing technique.   An estimated uncertainty of 25^ is given to 

the provisional values which are believed to be reasonable for most of the real surfaces. 
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d.   Normal Spectral Reflectance (Temperature Dependence) 

In Table 23-6, the provisional values of the normal spectral reflectance are 

given with estimated uncertainties of ±25^.   The variation of the property as a function 

of temperature is demonstrated in Figure 23-5.   For a given wavelength, the normal 

spectral reflectance remains as a constant from room temperature up to the char region 

of epoxy.   The independency of the reflectance of epoxy composite with temperature has 

been observed experimentally [A00002I.   The reported provisional values are believed 

to be reasonable in most of the real situation. 

i 
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e.   Normal Spectral Absorptance (Wavelength Dependence) 

The normal spectral absorptance is obtained according to the Kirchhoff s law, 

i.e., numerically the absorptance is equal to the emittance.   As a result, Table 23-7 

and Figure 23-6 appear the same as Table 23-1 and Figure 23-1, as well as the esti- 

mated uncertainties (±20^). 
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f.   Normal Spectral Absorptance (Temperature Dependence) 

The normal spectral abnorptance as a function of temperature is given in Table 

23-8 and plotted in Figure 23-7.   The generated values are considered as provisional 

with 20^ uncertainty.   Here, we present the property values as constant for a giver 

wavelength because it has been observed in epoxy composites that the radiative prop- 

erties do not change appreciably with temperature fA00002].   With 20^ uncertainty, 

the provisional values can be safely used for most of the true surfaces. 

i 
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4. 24.   Glass Fiber Epoxy Composite 

A small amount of the exterior area of the aircraft is composed of nonmetallics. 

These nonmetallics consist chiefly varioi B glass fiber reinforced plastics, and epoxy 

composites, etc. 

Composite materials have received great interest in the last decade because 

they provide unusual combinations of properties which ^annot be obtained with any single, 

homogeneous substance.   In aircraft and missile design, they have provided structural 

materials of very high strength and elastic modulus which also have low densities. 

Among nonmetallic composites, the glass/epoxy composites are the most commonly 

used.   The glass fiber epoxy composite consists usually of fine glass fibers surrounded 

by a matrix of ep'jxy resin.   The other alternative form commonly used is the glass fabric 

reinforced plastics vith epoxy surfacer. 

Modified epoxy resins developed specifically for use in composites with glass 

fiber are available commercially.   These are thermosetting resins used for low pressure 

laminating which normally cannot be used in continuous service above about 450 K although 

intermittent service at temperature up to 490 K is possible.   Many of the various epoxy 

resins used as matrix constituents of composites are proprietory formulations whose 

oxact chemical compositions are not available. 

Although the mechanical and thermal properties of glass/epoxy composites are 

well studied, tho thermal radiative properties are unattended.   As a result, only one set 

of experimentally determined data on the normal spectral reflectance s all that can be 

found by our op«m literature search.   This leaves us no choice but to use it as the basis 

for the estimation of the most probable values of the radiative properties for glass fiber 

epoxy composite. 

The fact that the composite material is made by bonding the fibers in a matrix of 

epoxy resin implies that epoxy is the material which predominately contributes to the 

thermal radiative properties of the composite material.   The other component, the fiber 

material, plays a minor role.   Indeed, by comparing the shapes of the normal spectral 

reflectance curves (Figure 24-4 in this subsection and Figures 23-4 and 25-4 in sub- 

sections 4.23 and 4.25 respectively) we can sc? the spectral band patterns of the three 

epoxy composite materials (borot fiber epoxy compoti'te, glass fiber epoxy composite 

and graphite fiber epoxy composite) are similar. 

Reflectance of epoxy is cjenerally fairly low, about 10^, for wavelengths longer 

than 2. 5 ^m.   Also, it does noi change appreciably as the material is heated up and goes 
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decomposition phase and into the char region [A00004].   In other words, the radiative 

properties of epoxy are independent of temperature. 

For epoxy composite materials, the following two relations are commonly used 

[A00004] as good approximations: 

a(0,X) = i -p(0,27r,X); 

c(0,X) =a(0,X), 

because of opaqueness of the materials. 

According to the facts discussed above, we are in a position to estimate the 

following six subproperties for glass fiber epoxy composite based on the single available 

set of reflectance data: 

Normal spectral emittance (wavelength dependence) 

Normal spectral emittance (temperature dependence) 

Normal spectral reflectance (wavelength dependence) 

Normal spectral reflectance (temperature dependence) 

Normal spectral absorptance (wavelength dependence) 

Normal spectral absorptance (temperature dependence) 

a.   Normal Spectral Emittance (Wavelength Dependence) 

Provisional values of the normal spectral emittance of slightly grit-blasted 

glass fiber epoxy composite are obtained from the analyzed result of reflectance by using 

the relation a(0.^) =1 - p(0,27r, X) and Kirchhoff's law.   Such conversion is frequently 

used for the materials whose reflectance is known [A00004J.   The provisional values, 

listed in Table 24-1 and plotted in Figure 24-1, are in general very close to unity.   For 

rough uses, a value of 0.95 can be safely used because the uncertainty of the provisional 

values is ± 20^. 
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b.   Normal Spectral Emittance (Temperature Dependence) 

The normal spectral emittance as a function of temperature is given in Table 

24-2 and plotted in Figure 24-2.   The generated values are considered as provisional 

with 20^ uncertainty.   Here, we present the property values as a constant for a given 

wavelength because it has been observed in epoxy composites that the radiative prop- 

erties do not change appreciably with temperature [A00002J.   With 20% uncertainty, 

the provisional values can be safely used for most of the true surfaces. 
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c.   Normal Spectral Reflectance (Wavelength Dependence) 

As given in Table 24-3 and plotted in Figure 24-3, the provisional values of glass 

fiber epoxy composite are obtained by reading off from a curve smoothed out from the 

only available set of data shown in Figure 24-4.   It shows a quite complex spectral dis- 

tribution of energy reflected from the composite material.   Because of scantiness of 

the available data and spectral complexity, no attempt was made to carry out analytical 

calculations but the smoothing technique.   An estimated uncertainty of 25^ is given to 

the provisional values which are believed to be reasonable for most of the real surfaces. 

i 
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d.   Normal Spectral Reflectance (Temperature Dependence) 

In Table 24-6, the provisional values of the normal spectral reflectance are 

givftn with an estimated uncertainty of ±25^.   The variation of the property as a function 

of temperature is demonstrated in Figure 24-5.   For a given wavelength, the normal 

spectral reflectance remains as a constant from room temperature up to the char region 

of epoxy.   The independency of the reflectance of epoxy composite with temperature has 

been observed experimentally [A00002].   The reported provisional values are believed 

to be reasonable in most of the real situation. 

\ 
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e.   Normal Spectral Absorptance (Wavelength Dependence) 

The normal spectral absorptance is obtained according to the Kirchhoff's law, 

i.e., numerically the absorptance is equal to the emittance. As a result, Table 24-7 

and Figure 24-6 appear the same as Table 24-1 and Figure 24-1, as well as the esti- 

mated uncertainties (±20^). 
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f.   Normal Spectral Absorptance (Temperature Dependence) 

The normal spectral absorptance as a function of temperature is given in Table 

24-8 and plotted in Figure 24-7.   The generated values are considered as provisional 

with 20$ uncertainty.   Here, we present the property values as constant for a given 

wavelength because it has been observed in epoxy composites that the radiative prop- 

erties do not change appreciably with temperature 1A00002].   With 20$ uncertainty, 

the provisional values can be safely used for most of the true surfaces. 
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4.25.   Graphite Fiber Epoxy Composite 

Composite materials have received great interest in the last decade because they 

provide unusual combinations of properties which cannot be obtained with any single, 

homogeneous substance.   In aircraft and missile design, they have provided structural 

materials of very high strength and elastic modulus which also have low densities. 

The graphite fibers used ir. composites are made by the carbonization of organic 

filaments.   The filaments most ofte.  used today are made from polyacrylonitrile (PAN) 

although rayon and acrylic fibers have been used to a limited extent.   The mechanical 

properties of graphite fiber depend on the temperatures used in the carbonization process. 

Temperatures of 2800-3300 K result in fibers with high elastic modulus but relatively 

low tensile strength.   Temperatures of 1800-2300 K yield fibers of the greatest tensile 

strength but only moderate modulus of elasticity.   The density of the fibers varies from 

1. 74-1. 94 g cm"3 depending on the carbonization temperatures used.   The filaments 

are normally produced in untwisted, loose bundles, or tows, consisting of ten thousand 

fibers. 

Modified epoxy resins developed specifically for use in composites with graphite 

fiber are available commercially.   These are thermosetting resins used for low pres- 

sure laminating which normally cannot be used in continuous service above about 450 K 

although intermittent service at temperature up to 490 K is possible.   Many of the var- 

ious epoxy resins used as matrix constituents of composites are proprietory formulations 

whose exact chemical compositions are not available. 

For aerospace design, graphite fiber-epoxy composites are generally supplied 

by the manufacturer as prepregs.   These are tapes or broadgoods consisting of the 

graphite fibers impregnated with the epoxy resin matrix which have been only partially 

cured and consequently have a limited shelf life and require special storage facilities. 

The prepregs are used in the fabrication of laminates whose layer orientations are tailored 

to match individual design requirements.   Consequently, large numbers of individually 

different crossplied laminates are likely to be encountered, each of which has distinctive 

properties and characteristics, and hence must be distinctly identified whenever it is 

to be associated with specific quantitative data. 

The graphite fiber epoxy is fabricated primarily for aircraft constructions because 

of its advantages.   Much of its mechanical and thermal properties are studied.   As a result, 

sizable amount of data are made available at users disposal. 

With regard to the thermal radiative properties of the composite, it is unfortunate 

to find that there is only one set of experimental data on the normal spectral reflectance 



uncovered by our search.   This leaves us no choice but to use it as the basis in the esti- 

mation of the most probable values of the radiative properties for graphite fiber epoxy 

composite. 

The fact that the composite material is made by bonding graphite fibers in a 

matrix of epoxy resin implies that epoxy is the material which predominately contributes 

to the thermal radiative properties of the composite material.   The other component, the 

graphite fiber, plays a minor role,   indeed, by comparing the shapes of the normal spectral 

reflectance curves (Figure 25-4 in this subsection and Figures 23-4 and 24-4 in sub- 

sections 4.23 and 4.24 respectively) we can see the spectral band patterns of the three 

epoxy composite materials (boron fiber epoxy composite, glass fiber epoxy composite 

and graphite fiber epoxy composite) are similar. 

Reflectance of epoxy is generally fairly low, about 10^, for wavelengths longer 

than 2. 5 /im.   Also, it does not change appreciably as the material is heated up and goes 

decomposition phase and into the char region [A00004] .   In other words, the radiative 

properties of epoxy are independent of temperature. 

For epoxy composite materials, the following two relations are commonly used 

as good approximations: 

«(O.X) =1 -p(0,27r,X); 

c(0,X) =a(0,X), 

because of opaqueness of the materials. 

According to the facts discussed above, we are in a position to make reasonable 

estimation of the following six subproperties for graphite fiber epoxy composite based on 

the single available set of reflectance data: 

Normal spectral emittance (wavelength dependence) 

Normal spectral emittance (temperature dependence) 

Normal spectral reflectance (wavelength dependence) 

Normal spectral reflectance (temperature dependence) 

Normal spectral absorptance (wavelength dependence) 

Normal spectral absorptance (temperature dependence) 

a.   Normal Spectral Emittance (Wavelength Dependence) 

Provisional values of the thermal spectral emittance of slightly grit-blasted 

boron fiber epoxy composite are obtained from the analyzed result of reflectance by using 

i 
—. .  
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the relation a (0,X) = 1 -p(0,2ir,X) and Kirchhoff s law.   Such conversion is frequently 

used for the materials whose reflectance is known [A00004].   The provisional values, 

listed in Table 25-1 and plotted in Figure 25-1, are in general very close to unity.   For 

rough uses, a value of 0.95 can be safely used because the uncertainty of the provisional 

values is ± 20^. 
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b.   Normal Spectral Emittance (Temperature Dependence) 

The normal spectral emittance as a function of temnerature is given in Table 

25-2 and plotted in Figure 25-2.   The generated values are considered as provisional 

with 20^ uncertainty.   Here, we present the property values as a constant for a given 

wavel« ngt:A hecause it has been observed in epoxy composites that the radiative prop- 

erties do not change appreciably with temperature [A00002].   With 20^ uncertainty, 

the provisional values can be safely used for most of the true surfaces. 
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c.   Normal Spectral Reflectance (Wavelength Dependence) 

As given in Table 25-3 and plotted in Figure 25-3, the provisional values of 

graphite fiber epoxy composite are obtained by reading off from a curve smoothed out 

from the only available set of data shown in Figure 25-4.   It shows a quite complex 

spectral distribution of energy reflected from the composite material.   Because of 

scantiness of the available data and spectral complexity, no attempt was made to carry 

out analytical calculations but the smoothing technique.   An estimated uncertainty of 

25^ is given to the provisional values which are believed to be reasonable for most of 

the real surfaces. 
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d.   Normal Spectral Reflectance (Temperature Dependence) 

In Table 25-6, the provisional values of the normal spectral reflectance are 

given with an estimated uncertainty of ± 25^.   The variation of the property as a function 

of temperature is demonstrated in Figure 25-5.   For a given wavelength, the normal 

spectral reflectance remains as a constant from room temperature up to the char region 

of epoxy.   The independency of the reflectance of epoxy composite with temperature has 

been observed experimentally [A000021.   The reported provisional values are believed 

to be reasonable in most of the real situation. 

( 
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e.   Normal Spectral Absorptance (Wavelength Dependence) 

The normal spectral absorptance is obtained according to the Kirchhoff' s law, 

i.e., numerically the absorptance is equal to the emittance.   As a result, Table 25-7 

and Figure 25-6 appear the same as Table 25-1 and Figure 25-1, as well as the esti- 

mated uncertainties (±20^). 

1 
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f.   Normal Spectral Absorptance (Temperature Dependence) 

The normal spectral absorptance as a function of temperature is given in Table 

25-8 and plotted in Figure 25-7.   The generated values are considered as provisional 

with 20^ uncertainty.   Here, we present the property values as constant for a given 

wavelength because it has been observed in epoxy composites that the radiative prop- 

erties do not shange appreciably with temperature [A00002].   With 20^ uncertainty, 

the provisional valuer, can be safely used for most of the true surfaces. 
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4.26.   Silicon Nitride with Chopped Graphite Fiber 

No infox'ination on the thermal radiative properties of this composite material 

was uncovered from the search of literature.   Consequently, no tabulation or recommen- 

dation of the thermal radiative properties of this material is possible at this time. 

However, it is reasonable to assume that this material in its bulk form is opaque; 

that is, the transmittance is zero. 
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4. 27.   Silicon Nitride with Vitreous Silica 

No information on the thermal radiative properties of this composite material 

was uncovered from the search of literature.   Consequently, no tabulation or recommen- 

dation of the thermal radiative properties of this material is possible at this time. 
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//LNGLISH   IRANSHIION   CF   FI7.   TVERUOGO   TEH   3   /7/ 
2105-2110.   1961.// 
UKHANOV   YU   I 
SJVIET  PHYS-SOLIO  STATE 
3 7     1J29-32 1962 

TH723 SPECTRAL   EMISSIVITY   OF   99.7   PERCENT  ALUMINIUM 
ISTNIiN   200   AND   StO   C. 
^EYNOLOS   P   M 
BRIT   J  APPL   PHYS 
12 111-« 1961 

TUiOl«   EHISSION  COEFFICIENT»   OF   SOME   PUNOtREJ   HIGH-MEL t INC 
COMPOUNDS. 
SEREBRYAKOVA   T   I PAOERNO   YU   8 SAHSONOV   r.   V 
OPTICS   ANO   SPECTRTJCOPY   /USSR/   /ENGLISH   TRANSLATION/ 
9 3     212-3 1960 JA     ".'.     Tk 

T15906   ALCOA   ALUMINUM   HANDBOOK. 
ALUMINUM  COCPANY  OF   AURICA   PIIIS8URCH 
ALCOA 

1-222 19»9 

116606   INFRARED   SPECTRAL   ENITTANCE   PROPER1IES   OF   Ulla 
MATERIALS. 
BLAU   HENRY  M   J9 MARCH   JOHN  B HARTIN  NILLIAM  S 
JASPERSE   JOHN   « CHAFFEE   ELCANOR A4IHUR  O LITTLE 
INC   CANBRIOGE   MASS USAF 
ASTIA 
AFCRL-TR-60-i.U 
AD  2i>«276       l-'t t96i 

T16961   INFRARED   SPECTCAL   EMISSIVITY  OF   OPTICAL   MATERIALS. 
STIERMALT   DONALD   L NAVAL  ORDNANCE   LAB   „OROKA 
CALIF NAVNEPS   ANO  NOLC 
ASTIA 
NAVMEPS   REPI   7J60        NOLC   RPT 537 
AO   25OS30        l-3l> 1961 

T17017 OPTICAL MATERIALS FOR INFRARED INSTRUMENTATION. 
SUPPLEMENT. 
MICHIGAN   UNIV   ANN   ARBOR        INST  OF   SCIENCE   ANO 
TECHNOLOGY        UNIV   MICHIGAN ONR 
ASTIA 
IRIA   23S9-ll-SSU8t 

t-21 1961 

T38630   DETERHINATION   OF   SPECTRAL   EMISSIVITY   OF   CERAMIC 
BODIES   AT   ELEVATED   TiMPERATURES. 
BLAIR   C   RICHARD 
J  AM   CERAM  SOC 
61 197-203 1960 CA     I*     It   il 

T1929't  THERMAL   RADIATION   PROPERTIES  OF   MATERIALS. 
SEBAN   R   A RILLING R   E CALIFORNIA   UNIV   INST   OF 
ENG   RESEARCH   BERKELEY USAF 
ASTIA 
MAOD   TR-60-37C 

1-110 1960 

Tl»«!".  EVALUATION  OF   THE   MECHANISMS  RHICM   AFFECT   'HE 
PERFORMANCE   OF   THERMAL   RADIATION   RESISTANT   COATINGS. 
MOORE   LOtlSE   E PRASTEIN   MAITHEM 
TOHPKINS   EONIN   H VAN   OSTENOURG   DONALD   O ARF 
USAF 
ASTIA 
MAOC    TR   57-33<. AO   151163 

1-1*1 1951 

T19S1)  COATINGS   FOR   SOLAR  CELLS.   FIKAL   REPORT. 
MITUCKI   R09ERI   H LEWIS   ARTHUR   E HOFFMAN 
ELECTRONICS   CORP   SANTA   BARBARA  CALIF U3AF 
ASTIA 
AD   250660       1-06 1961 

T19919  OPTICAL   ABSORPTION   OF   CEPMANIUN  ANO   SILICA   BUONC 
THE   MAIN   ABSORPTION  EDGE   AT   HIGH   T EHPERAIU> £S. 
UKHANOV   YU   I 
FI2   TVERDOGO   T;L» 
3 7     21:5-10 1961 
FOR   ENGLISH   TRANSLATIOK   SEE   TPRC   NO.    11690 

T20117  OETERMINATION   OF   THE  OPTICAL  CCNSTAN'S   OF   METALS. 
/ENGLISH   TRANSLATION OF   ANN,   PHYSIK   31,   •ll-t(6( 
1090./ 
DRUDE   P 
DOC 
E-T-C-63-1        AO   <i30«3 

1-96 1963 T»      U6»-J   167 

I.'J.i,!   THERMAL   RAOIATION  FROM   PARTIALLY   TRANSPARENT 
REFLECTING  BOOTES. 
NC   MAHON   H  0 
J  OPT    SOC   »HEP 
•.C 6     376-aO 1950 AM       6     13><i 

T20'.70   SPECTRAL   EdSSIVITY   OF   SOLIDS   IN   IHf   INFRARED   AT   10» 
TEMPERATURfS. 
mi""   OMIGHT 
J OPT   SOC  AMER 
■.■) 6     «1--2C 1959 HA     2/     620 

120771 STUDY OF INFRA9;0 SOURCES. INURIM OE VtLCPMENT 
REPOT NO, 3, JUNE 20, 1950 TO IkPTa 26. 19.«, 
FIHKELSTEIN   I   Z if-itO  CORP  OF   AMERICA   N-m 
HYOE   PARK   N   V USAF 
ASTIA 
RAOC-TN-■.8-32E AD259A53 

1-29 195« 

T20AI3 TVANSHIf (Alice OF OPTICAL MbTCRIALS AT HIGH 
H"P->'ArukS IN TH£ l- 13 W-HIC^ON (MUi 
CILLESPIc   D   T OLtFN   A   L KtCHM*   I   " 
U  S   NAVAL   ORnNlNCF   TCIT   STATION  CHI'U   LAKl   CALIF 
oor AND cFsir 
NAVHtPS   'ilPI   US«        NOT5-tP-35«» 
AD   '..  ■    is        1-J« 1961. PA      w,   ■ I   1132 

* Reference numbers used refer to CINDAS accession numbers in the various Bibliographic 
Banks (T = TPRC, E = EPIC, and A = Arbitrary- not part of CINDAS coverage). 
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T?(IS<.t  C3MHCNTS ON  THE   NCtSUREHENT   OF  CHITTtNCC Of   THE 
OLOet* mounah SOUKCE. 
"ORMS   J C 
J OPT  SOC »HE* 
St r     ?9»-9 -.961 S*     »<•     11IS1 

T?lf5J   S»ECT«»L   AND   TOTU   EHISSIWITT   »HPAK»IUS   «NO 
NEtSUREHENTS   OF   OP«0Uf   SOLIDS. 
SHIM  C BER^T   J LEE   T LOCKHEFO  «KCIUFT 
CORP  NISSILES  «NO SPtCE   01»   SUNITVILE   C«LIF US«F 
OOC 
LHSO-I»»»«!     «o ztzeao 

1-35 1959 

TZlfZJ   >   METMOO  FOR   MEISURINC  THE   SPECTRtL   NORn«i.   ENITTtNCF 
IN   «14   OF   «   V«RIETr   OF   M«TEPI«LS   H«VINC   ST«3LE 
E>1ITT«NCt  CM«R«CTEP.I5TI!;$. 
HIHf   UAYNt   S MtOE  MILLI«H  R L«NGLET  RESEtRCH 
CENTER   L«NCLET   SUTlUN  HtHPTON   »« N«S« 
N«S« 
Hil-lttH       1-17 1962 RR      J7     IS 

ItZITt   HIOH  TEMPERtTUREt   NI6H EMITT«NC£   INTERHET«LLIC 
C0«T1N0S.     P«RT   1.      ENITT«NCE   «NO   REFLECT«NCc   OF 
INTERHET«LLIC  CONPOUNOS. 
SCH1TI   ELIHU   « GOLDBERG   0«VIO   N P3«RS0N   ERVIH   G 
BURKS   TEHtN   L «ERON«UTIC«L   SYSTEMS  DIV   «f 
N«TERI«L5   L«3   NONNET«LLIC   H«TERI«LS   OH 
NRIGHT-PtTTERSON  «FB  OHIO US«F 
OOC 
«>D-T0R-SJ-tJ7/PT 1/ 

1-181 19M 

T22S17   »«OIOiETRIC   IMVESTIG«TIONS   OF   INFR«-RtO  «9S0RPTI0N 
«NO   REFLECTION   SPECTR«. 
COBLENW   M   M 
N«rL   3UR  ST«NO«RaS  BULL 
? Mf-rt 190t 

I??tl3   INVESTIG«TICN   OF   HIGH   ENITTtNCE   Ca«TINGS  TO   EXTEND 
THE   H«CH  NUrBER   RANGE  OF   «PPLIC«TION   OF  STRUCTU<>«L 
N«TERI«LS. 
GR«VIN«   «NTHONT K«T7   HILTON REPUBLIC 
«vitTiON CORP F«RN:NGD«LE N T US«F 
«STI« 
MIOO  TR-60-U2 
«0  7620«]       1-11.1 1961 

T2Sb73  EHISSIVITY  OF   GLOB«R. 
fill Ml LL C « 
J OPT SOC «H 
52 3      UW m2 J> ki 19* 

T25S06   THE  EFFECT   OF   «LUHINIUM  PURITT  ON  THE   t   f Li C : VI I»   OF 
E»«POR«TtO   FRONT   lURFJCt   HIRKORS. 
HOLL«NO   L MILLIAHS   B  J 
J   SCI    IMSTR 
J2 2(7 19Sf 

T260*«   Mi A'.ui i Hi NT   OF   TOTAL   NORH«L   ENITTtNCE   OF   bORON 
NITRIDE   FROH   1,23C   TO   1,93'.   F   MITH   N0BN1L   SKCTUl 
EHI!T«NCE   0«T«   «T   1,<.00   F. 
MtLKER   GILREPT   H £■•r   FR«NCIS  N   JR LtNCLET 
PESE«RCH   CENTER   L«NGIET   ST«TION  HtnPTON   »« N«S« 
mil 
N«S«   TN   0-126« 

1-21 1962        P«     N»2-2  S76 

T231I4;   EiITT«NCE   STUDIES  OF   VICIOUS   HIGH   TEHPEP«TURE 
M1TE4I3LS   «NO   COATINGS. 
SKL«R£M   S«HUEL RABENSTEINC   «   S t1«Rau«RDT   CO«P 
»«N   NUTS   C«LIF US«F 
«STI«   «NO  OTS 
PR   281-3Q-1 «0  2W17 

1-37 1963 T«     U6I-3     k', 

T237(.l   THE   REFLECTING   PCM£R  OF   VARIOUS   NETAIS. 
COBLENTI   N   N 
BULL   N«TL   BUR   $T«NO«ROS 
7 2     197-22S 1911 

T2397'.   :PEC1«L   T»P£   OF   0OU8LE-L«Y£i;   «NT IR£ FLECTION   COSTING 
FOR   INFKAREC   OPTIC»L   MATERULb   MtTM   HIGH  REFRACTIVE 
INDICES. 
COX   J  T 
OPTIC«L   SOCIETY   OF   «NERIC«   JOURN«L 
51 l'.Jf-9 1961 BP     It     117« 

T2".«0«   THE   DESIGN  OF  ORC«NIC   CDtTINCS   FOR   USE   IN   THE   :P«CE 
ENVIR0N1ENT.      FRON     CO«TIIlGS   FOP   THE   «ERCSP«CE 
ENVIROHMtNl. 
COWLING   J   E «LEXtNOER   A   L NOONAN  F   H 
U   S   N«VAL   >>   ■,■ i'Hl   LAb      .4ASHINGT0N   0  C USAF 
DOC   «NO   OTS 
MAOD   TR   60-773        «0   2(:7S10 

17-37 1961 

121.633   THE   EFF£CTS   OF   ULT"«VIOLET   R«DI>IION   ON  ORGANIC. 
FILMFOR'lING   POLYHERS.      FROH      FIÜST   SY.1P0SIUH   ON 
SU<(F«CE   EfFtCTS   Oil   ;PAC:C«'«FI   HATLRULS.   PALO   ALTO. 
CALIF.,   HAY   It'll,   1159. 
CQWLI1G   J  E 1LE>«N0ER   «   L HCONAN  F 
««''•«RISE   R STOKiS   S NHL US«F   «NO  LNSO 
JOHN   «HEY   «NO   SONS   INC 

361.-77 1960 

T2l.9'.7   INFHR£Q   FIBER   OPTICS.      >-IN«L   REPORT. 
ILLlNOI?   IN5I   OF   T;CH  CHIC«GO «R <OUP   RESEARCH 
FOU'lDATIOH US«F 
s   IU   «KO  OTS 
«RF   ll3)-tl        «0   .'.. V 0'. 

1-3C 1961 

T76638   TR«NSPORT   PROCESSES   IN   FUSED   S«LTS,   PtRT   I. 
SUNOHEIH   BENSON  R NEM   YORK  UNIV   N   T Of»  «NO 
«EC 
DOC   «NO   OTS 
•0  296S66        l-«2   *   TABLES.   REFS. 

1162 T«     U.W     9 

T271lil   NE«SU7FHENT   OF   RADIATIVE   HEAT   TRANSFER   NITH 
THIN-FILH   RESISTANCE   THERHOHETERS. 
BOGO«N   LEONARD COCNELL   «ERONAUIICAL   LAB   INC 
BUFFALO   N   T NASA 
N«S«   «NO   OTS 
N«S«-CR-27     1-39 1966 

T2725J   STUDY   OF   THERHAL   INSULATING   H«TERI«LS.      »OLUKE   I, 
H«TERI«LS   RESE«RCM.      '^«L   ENGINcdkING   ^EPT. 
N«LIN   0   R GENERAL   DY NAitCS/CONV« IR   SAN   DIEGO 
CALIF NAVY   BURE«U   OF   «ERON«UIICS 
OOC  «NO   OTS 
TG-2GB AD   606107 

I'Ui 1900        •■■i     31    100 

T273'.5   TRANSHITTAHCE   MEASUREMENTS   OF   OPTICAL   HiTf»I«LS   «S 
«FFECTE3   BY   NEIGE   «NCLE   «NO   REFRACTIVE   iUO.X   IN   THE 
2-  TO   15-HICRON R«HGE. 
Lt<!AH   K   B C'.SEN   «  L NICHOLS  L   M N>V«L 
ORDNANCE   TEST   SIAIION  CHIN«  L*KE   CALIF N«VNEP$ 
ODC   ANO   OTS 
NAVR£PS   B086        NOTS   TP   3116 
«0  <<039S«        1-32 19E3 T«     Uil-3     tl 

T27I.2»   INFRAPEO   REFLECT«NC£   OF   tV«PCR«TtD   «LUMINUf   FILHS. 
BENNETT   H   £ BENNETT   JE«N  H «SHLEY   £   i 
OTS 
NAVNEPS   BIOS        NOTS   TP   3169 
AO  <.0i.99?        l-( 
J  OPT   SOC   «M 
»2 tZKS-fO 

T27886   INFR«REO   CO«TlNC   STUDIES, 
15  FEB   63. 
MARTIN   T   P MAJSO   J   0 
L0H9   INC   ROCMESTFR   >l  Y 
ODC   «NO   OTS 
«3   UOO 31.6        1-1 

19(3 T«     U»>3-3  216 

1962 C«     53     tl«t 

FIN«L   REPT. ,   1 .   NO»  62-- 

TURN£4  «   F BAUSCH  ANO 
U  S   «*.1Y 

1163 T«     ii   1-1     61 

T28651.   COSCERNINtt   THE   SYSTJH CH«LK-«LUHINA-SILIC«. 
BERL   £ L09L-:IN   ff 
«PCM   M«RHEHIRTSCH 
10 331-'.2 l9'9 

T28756   SIARLE    HHITE   C0«TIN(;S. 
19CI--JULY   15.   19t3. 
IERLAUT   G   « H«FA0«   T 
CHICAGO    ILL 
NASA   «NO   OTS 
inRI-C2:7-2''        NAS«  CR-:213A 
'..■-,■> 3i     t-ni. ii'! 

SU^H«RY   i^FORT,   SEPT.   21, 

in 4FS-:«R;N INC 

P«      Nol-l   ?Ü62 

SE-ICüNOUCTO»   PHYT.ICS.      FPi/H     NAVAL   OU^ANOE 
LAPOHATORY   QU«"Tt«LY   UPORT,   F0USJAIIOk>L   RESEARCH 
PROJECTS,   OCIC°E«-0£C£rtDt R   1151. 
SIURMKI   0   L NAVAL   OR3NtllCL   L«1   r3<0'll   CALIF 
NtVOFO 
DOC 
NOLC   A£PT   s»r        NtVNrPS   REPT   5181 
«0   237012        .1-9 1160 

PFOIA.IS..   R-PORT   FOR   THE   YE«R   ENOING   JUN     2   ,   l'>'i2. 
DUNKLE    R   V GIER   J   T C«Llr   UNIV   IN.I   OF   iNG 
*£SEARCH   BERKELEY SIPRE 
ASTIA   «Nt   013 
AO   to« <)        P <   K..-6I 

l-'l IIVI FR      il      f,} 
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Tii»*« BCSUKCM IN FimricmoN or CJO^IUH SULFITJ CR»ST*LS 
»NO   OrHcR   II-IV   COMPuur. l>.      fINIt   TECHNICAL   RfPORT    1 . 
JtN   61--J5   JtN   62,   ON   SOL»«   tNI   NEN   tNEUf   CONV'^SICN 
TECHNIQUE. 
BE«N   K   E FtHRIC   *   H NEOCtLf   M   E POMOERLT   J   E 
ROOERIDUE   J  S EACLE-RICMER   RESEtRCH LASS   HUNI 
OKL* USAF 
•STIt   AHO  OTS 
ARL   62-11«        »0   IHolt 

1-lt 1MI 

T2«0*  OPTICAL   PROPERTIES  OP   SATELLITE   HATERIALS--THE THEORY 
OP  OPTICAL   AN3   INPRAREO   PROPERTIES  OP  HHALS. 
RESEARCH   PROJECTS  DIV   GEOPCE  C   HARSHALL  SPACE   FLIGHT 
CENTER   HUNTSVILLE  ALABANA NASA 
NASA  AND OTS 
NASA   TN   O-tSZI       Nb)-lt<7t 

i«tia tw      o"  si   J? 

T21<.2li   AN  ENCINEIRINC  HANOBOOK   ON   HERLON   POLTCARBONATE. 
H09AY   CHiHICAL   COHPANT   PITTSBURCN   F» 
MOBAT   CNtNICAL   COHPANT   PITTSBURGH   FA 

t-ll 19U 

T29$6J   ANGULAR   DEPENDENCE   DP   SPECTRAL   REFLECTANCE   IN   THE 
INFRARED.      /N.S.   THESIS/ 
EBERHART   R   C CALIFORNIA  UNIV   SERKELET 
CALIFORNIA   UNIV 

l-M 1960 

T29S70 THERMAL RADIATION CHARACTERISTICS OF TRANSPARENT 
SEHI-TRANSPARENT ANO TRANSLUCENT MATERIALS UNDER 
NON-ISOTHERHAL  CONDITIONS. 
FOLMEILER   ROBERT  C LEXINGTON   LABS   INC   CANBRIOGE 
HASS USAF 
ASTIA   ANO   OTS 
AS0-TDR-62-7H 
AD  603370        1-11S 196i> TA     uit-lk  «9 

T?969i.   SPECTRAL   AND   DIRECTIONAL   THERMAL   RADIATION 
CHARACTERISTICS   OP   SELECTIVE   SURFACES   FOR   SOLAR 
COLLECTORS. 
EDUARDS   0  K GIER   J   T NELSON   K   E RODDICK  R   0 
SOLAR   ENERGT 
6 1    !•* 1962 

T29599   DEVELOPHENT   OF   STA9LE   TclPfPATURE   CONTROL   SURFACES 
FOR   SPiCECRAFT   PROGRESS   REPCRI   NO.   1. 
CARPOLL   N  F JET   PROPULSION   LAB  CALIF   INST   OF 
TECH   PASADENA NASA 
NASA   ANO   OTS 
JPL-IR   32-3l|0 

1-17 1962 

129605   OETERNIKAIION  OF  FREE   ELECTRON   EFFECTIVE   HASS   OF 
N-IYPE   SILICON. 
HOMARIM  L   E GILBERT   J  F 
J   APPL   PMYS 
1* 236-7 1963 CA     33     62» 

T31J«.!.   REPORT   ON   THE   BEHAVIOR  OF   CERAMIC   MATFRULj   IN   THE 
NEAR   Ir.f.a-n   ^LGION   AT   HIGH   TF iPEKAT UP->.     //ENGLISH 
TRANSLATION   OF   BE*.    DtUT.   KE^AM,   '(SELL.   61|   /'/ 
S9«-'.C'.   /1<)6>./.// 
KROCKCL   0 OFFICE   OF   NAVAL   INILLLIGLNCI 
MASHINGTON   D  C 
ODC 
ONI-1092       AD  ii76706 

1-19 ill- TA      6j-i   A-2t 

T31731   REFLECTING-POHER   ME ASUKCNENTS   IN   INE   SP-CUAL   REGION 
2CC3   A.   TO  ISCC   A. 
JOHNSON   8   K 
PROC  PMYS   SOC  /LONDON/ 
SI ?'6-o- 191.1 

T320'.3  SPECTRAL   EMITTANCE OF   REFRACTORY   «ATERULS. 
BLAU   HENRY   N   JR JASPERSE   JOHN  R 
APPL   OPT 
3                    2     201-6 196« CA     ti     16922 

T32121   IMPURITY   ABSOFPTICN   IN   SILICON  CARBIDE   CSYSTALS   COPEO 
HITH   BORON   DURING   CRYSTAL   GROMTH.      / f ,<..,, I ,H 
TRANSLATION   OF   FI2.    TVEROOGO   TELA  «   /2/   >•   -7. 
1966.// 
PICHUGIN   I   C PIKHTIN   A   N 
SOVIET   PHYSICS-SOLID   STATE 
* 2     '•63-6 1966 

T3222C RADIATION COEFFICIENTS OF HIGH MELTING COiPOUNOS. 
//ENGLISH TRANSLATION OF OGNEU'ORY /USS</ 27, /I/ 
".0-2.   1962.// 
SAMSONOV   C  V FCMENKO  V   S PAOCRNO   TU  ■ 
SLA 
TT-65-1J36". 

1-f 196! TT      U-IO     »7 

T32363   REFLECTING   COATINGS   FOR   IKE   EXTREME   ULTRAVIOLET. 
HASS   GEORG TOUSEY  RICHARD 
J  OPT   SOC   AH 
69 6     S93-602 19S9 CA     60     «»96 

T325««   REPORT   OF   INVEST ICA T ION  OF   OPTICAL   TRANJMITTANCE, 
REFLECTANCE.   AND   A8S0RPIANCE   OF   MATERIALS. 
FINAL   REPORT. 
BYKNE   R   F MANCINELLI   L   N MATERIAL   l.l   NEM 
YORH   NAVAL   SHIPYARD   EROOKLYN 
OTS 
PB  159155        1-39 195* 

T32537   INFRARED   SPECTfAL   EMIIIANCE   OF   SI.   GE,   ANO  COS. 
STIERNALT   D   L POTI-»   R   F 
PROC   INTERN  CONF   PMYS  StHICONO   EXETER   IN6L 

S13-2C 1462 CA     6]     3619 

T32421 INFRAREO PROPERTIES OF HEXAGONAL SILICC* OR9IDE. 
SPITZER   M   G KLEINilAN  0 MALSH   0 
PMYS   REV 
US 1      127-32 1959 JA      •./     I6i 

1296'««   THE   ABSOLUTE   SPECTRAL   RiTLECTlVITY   OF   CJFTAIN 
PIGHENTS   ANC   HEIALS   IN   THE   MAVELENGTH RANGE   BETNEEN   2 
AND   16   MICRONS. 
CIER   J   T POSSNE?   L TEST   A    J DUNKLE   R   V 
95VANS   J   T CALIFORNIA   UNIV   BERKELEY   0£"T   OF 
ENGINEERING USN 
DOC   AND   CFSTI 
NR-015-202        AII-59635 

l-<t 111. 9 

T297Ji   THE   SPECIFIC   H£AI   OF   DYSPROSIUM   METAL   BfTMEEN   O.i.   ANO 
<•   K.      FROH   PROCIEOINGS   Uf   THE   2NO   CONFE^fNCE   ON   RARE 
EARTH   R-SEARCH,   1LENNOOJ   SPFINl'.S,   COL0R10O 
SEPT.   21.-7,   1961. 
LOUNAS1AA   0   V GUENTHER   R   A 
GORDON   ANO   BREACH  SCIENCE   PU1HSMERS   N   Y 

197-202 1962 

T3C100   THE   REFLECTIOM   ANO   TRANSMISSION   OF   INFPJREO 
MATERIALS.      I.      SP-CTPA   FKOf  2   TO   50   NU. 
II.      .11 ILIOGRAPHY. 
MCCARTHY   DONALD   E 
APPLIEO   OPT 
t 6     591-603 1963 CA     59     «26( 

T3C1.9C   INFRARED   PROPERTIES   OF   SILICON   MONOX   ANT   ^VAPORATEO 
SID   FILMS. 
HO'fARTll   I   E SPIT 2ER   U   O 
J  AH  CERAM  SOC 
66 1     26-I 1961 

132822   INFRARED   PROPERTIES   OF   CUBIC   SILICON   CARJIOE   FILMS. 
SPITZER   N  G KLEINMAN  O   A FROSCH   C   J 
PHYS   REV 
113 1     133-6 1959 JA     67     163 

T330UJ   FAR-INFRAREO   «5FLECIANC5   AND   TRANSHTTAM;E  OF 
POTASSIUM   MAGK-SrUM   FLUORIDE   ANO   MtGN-SIUM  FLUORIDE. 
HUNT   OR Pt'RY   C   H FERGUSON   J 
PHYS   REV 
136 3A      («(-91 1966 CA      63     UIK 

133166   FAR   INFRARTO   TRANSMISSION   OF   SILICON   ANO   G-RMANIUM. 
LORD   6   C 
PMYS   REV 
»5 IL0-1 1952 

T33156   INFRARED   LATTICE   ABSORPTION   IN   IOMC   AN!)  HOMOPOLAR 
CRYSTALS. 
LAX   MELVIN ■ >     -r.  I'l   ELIAS 
PHYS   REV 
97 1      39-52 1955 

T33159   INF4ARF0   LATTICE   AO^ORPTION  lAMi   IN   Ct^MliIUM, 
SILICCN,    ANO   OIAMCNO. 
COLLINS   R   J FAN   H  Y 
PHYS   REV 
91 6       ./1.-I1 1956 

TIUSB PSFLfCHVf  CGATINCS  n POLYMIRIC SUISTRAILS. 
BllSER   y|C"A't   1 CAHTMCRS   H5RCiR   O i'OHÜX* 
tUit   OF    TECH     ATLANTA USAF 
DOC   ANO   OTS 
ASC-I0P-61-1   1/PT    i/ 
AO   lit «JB        l-m 19«2 



133*50   S'ECT^AL   tHITUNCE   Of  SOLIOJ.      SPECTKiL  E1ITr»NCE 
HEtSURcMENTS   ON   SOME   COHHEDCUl   OPAOUE   AND 
TRANSPARENT   SOLUS. 
STIfRMALT   0   L      .   ICIRK   D  0 OEPNSTEIN   J   t 
NAVAL   ORONANCC   IAS      COCONA   CALIF NORO 
OOC 
NJU-IH-O-U       AO   '.»JJbb       Nbi>-323r3 

i-i 1963 PA      N&I.-2   3^19 

T3361i   SPECTRAL   EI1ISSI»ITY   Of   NtTAlS   AFTER   OANAC-E    9T 
PARTICLE   IMPACT.      FINAL   REPORT. 
LEICH   CHARLES  N AVCO   CORP      MILMtNCTON   HASS 
NASA 
NASA   AND   OTS 
RAO-rR-62-33       NASA-CR-5373!        N«i,-17!>90 

1-68 1962 CA     61     15536 

T33«96   O^F-SPECULAA   PEAKS   IN   THE   DIRECTIONAL   0ISTRI8UTI0N 
OF  KEFLECTEO   THERHAL   RCOIATIÜN. 
TORRANCE   K  E SPARROM  E   N 
TRANS  ASME   J   HEAT   TRANSFER 
«I      C       t    223-10 19(6 

T33965   0-mOSE.      AN  ULTRA VIOLET-TRANSHI TTIMS   CEHEMT. 
LAULAINiN   N  S If,   DERHOTT   N   N 
J  OPT   SOC   AN 
St d    }2I 1966 

I339F«.   HISH  TEMPERATURE,   HISH  EHITTANCE   INTERHETALLIC 
COATINGS.      PART   II   EHITTANCE   AND   REFLECTANCE   OF 
INTERHETALLIC  COATINGS. 
SCHATZ   •    A ALVAREZ   G  H BURKS   T   L 
COUNTS  C   R   III OUNOERLET  f   J A-.PICAN 
HACHINE   ANO   FOUNDRY   CO     ALEKANORI*   VA U!AF 
OOC 
ML-TDR-6I.-1Z9 
A0->>72<.39       l«l 1966 

T3<.Ci>5   INSTRUH-:NTATION  FOR   HEASURING  THERNAL   CHARACTERISTICS 
OF   SURFACES.     PART   2.      AN   INTEGRATING   SPHERE   TO 
MEASURE   THE   VARIATION   OF  REFLECTANCE   HITh   ANGLE   IF 
INCIDENCE. 
PORTE«   J BUTLER   E   A   M ROYAL   AIRCRAFT 
ESTAUISHHENT     rARNBOROUGH  ENGLAND 
OOC 
RAE-TR-651»S       AO   i>mt7 

1-23 1965 TA      65-21   A-139 

731.168   THE   TRANSMISSION   AND   REFLECTION   OF   QUARTZ   ANO 
GERMANIUM   OKIDE   IN   THE   INFRAREO. 
ENGELSRATH   A 
UNIV   HICROFILHS   PUBL 
65-6I1<. 1-9» 196? CA     61     15F3<> 

T3<.'.5".   HIGH-PRECISION  METHCO   FOR   HEASURING   HE   A9SORPTANCE 
OF   EVAPORATED  METALS. 
IRANDENOERG   H  M CLAUSEN  ON HC   KEOHH    0 
J  DPI   SOC   A« 
56 1      61-6 1966 CA     6«     5937 

T3<.72'.   INFPARtO   SIGNATURE   CHASACTfRISTICS. 
0URAN3   J   L HCUSfON  C   « DIRECTORATE   OF 
ARilMENT   OEVELOPMEST   RESEARCH   AMO   lECMNOLOGT   OIVISICN 
AIR   FORCE   StSIEH CUftMANO   EGLIN   AIR   FORC-    )ASt 
FLORIDA 
THE MARTIN C01PANY OIV OF HARII N-HARIC IT A CORP 
ORLAHOO FLORIDA       USAF 
äTL-TR-66-«     OR-6J20 302 

1-17<| 1966 

131.(1!   EFFECT   OF   IONIZING   RADIATION ON   4UBY. 
FORESTIERI   A   F GRHES   H  H LEHIS  REOEARCH 
CENTER     CLLVCLANU OHIO NASA 
NASA   ANO  CFSTI 
HASA-TN-D-3379 

1-9 1966 

riftll   OLACK90DY   •CrC*tMC(   FOP   TEMPERATURES   ABOVE   121.0   K. 
STUDY   FOR   OESICN   ^LOUIPEHENTS. 
GKENIS   A   F MATK0V1CH   H   J US   ARMY   lATERIALS 
RESEASCH   AGENCY     HATERTOMN   MASS 
CFSTI   AND   OOC 
AMfcA-IP-o-.-O?        N65-2'I322       N6r-3i>560 
AD  61I.63I       1-1« 196! IA     IC-12  132 

T35U7   SHEET   INFRARED   TRANSMISSION   F0LARI2ERS, 
HASS   H 0   HAR*   M 
APPL   OPT 
i. »     1027-31 196« 

T35131   TEMPERATURE   COEFFICIENT   OF   THE  ENERGY   CAP  OF 
BETA-SILICON   CARBIDE. 
OALVEN   R 
J   PHYS   CHEN   SOLIDS 
26 t     <>39-l.l 196) 

T352Z3   RELATIVE   PHOTOELECTRIC   YIELD  AN'   IRANSMUTANSE  OF  AL 
FILHS. 
CAIRNS  R  B SAMSON JAK 
J   OPT   SOC   AH 
»7 3     «.33-1, 1967 

T35S1.6  UTILIZATION   OF   PIOHENTEi}   COATINGS   FOR   THE   CONTROL   OF 
EQUILIBRIUM   SKIN   TEMPE»ATURES   OF   SPACE   VtMiCLES. 
ZERLAUT   GENE   * A^H»    HISEILE   COHMANO   R-OSTONE 
ARSENAL     ALA 
OOC 
ABMA-MISC-32 AO   1.63736 

l-<<6 1960 TA      6S-13     A-269 

T358C0   MODULATION  OF   THE   REFLECTIVITY  OF   SEMICONDUCTORS. 
BIRNBAUM   M AEROSPACE   CORP     LOS   ANGELES   CALIF 
USAF 
OOC 
SSO-TDR-263 TOR-i.69-9230-02-1 
AO-ii55989       1-7 Itn. TA     «5-6     A-2S5 

T3581.0   HIGH   TEMPERATURE,   HIGH   EHITTANCE   J NTERMiTALLIC 
COATINGS. 
SCHATZ   E   A ALVAREZ   G   M COUNTS   C   R   III 
HOPPKE   N   A AMERICAN   HACHINE   ANO   '     <h.-l   CO 
ALEXANDRIA   VA USAF 
OOC 
AFML-TR-6E-217   /PT   III/ 
AD-<t6«0;9        1-100 1965 TA      t.-l«      A-113 

T3581.8   INFRARED   T RA NSMIT r ANCc   OF   OPTICAL   MATEIlULi   AT   LOK 
TEMPERATURES.      TECMNICiL    PUBLKATION. 
LINSTEAOT   G   • NAVAL   ORDNANCE   TEST   STATION     CHINA 
LAKE   CALIF 
OOC   ANO   CFSTI 
NOTS-TP-H,9        NAVMEPS-17fe7       N6i-3&i;< 
AO-61871.,.        t-17 19i5 PA      1(65-3-2«.     1.197 

T359C2   INFRAKEO   RiOUTION   OF   SOLIOS.     REFRACfWY 
MATERIALS. 
GRENIS   A   F LEVITT   A   P 
AH  CERAM  SOC   BULL 
W, 11     9Cl-i 1965 

TJd753   SURVEY   OF   THERiAL   PROPERTIES   OF   StLECTEO   «ATERIALS. 
HERTZ   J KNOVLES   0 GENERAL   DYNAMIC J/CONVAIR 
SAN   OIEGO   CALIF 
GENERAL   CTN/MICS/CONVAIR 
ZZL-o5-Jli»        AR-5C1.-1-E53 
N6i-3177!        1-172 196? CA     67      15i»85 

T3",9li,   OPTICAL   kEFLECTCRS   FOR   USE   IN   INTERNAL   SAMPLE   ADUEOUS 
CHEPENKOV   COUNIERS. 
STRINOEMAG   0   ^ 
REV   SCI   INSTR 
37 J     3',ii-9 1966 

T35«i.   SPECTRAL   NEA^U JEMENI   OF   SOLAR  AOSORPTANCE. 
FAUCERE   J  F 
NASA 
CNES-NT-Z        Nb5-2851Ä 

1-2! 19E« P*     Nai-I     3329 

TJ6U;   EHITTANCE   AN3   ^EFLECTANC-:   OF   INTERNET ALL IC   COHfOUnüS. 
PROGofSS   SEPT.   NO.   2,   1>   SEP   -   \j   OEC   U6Z. 
SCHATZ   (   A AVERICAII   HACHINE   ANO   FOUNDRY   CO 
ALEXANIRIA   VA USA» 
OOC 
AH;    PR-2 l-?6 1962 

ri^MI   CINTTtOUTIOH   TO   THE    IHfPMtt   SP^'C TROSCOPIC   ".TUOY  OF        TJ6Z2? 
THE   ADDITION   I'OLYHtR   fülYVINYLPY RROLIOOHf-POL YACRYL IC 
ACID. 
90»L<-<»H( NOKI   F 
COMPT   RENO 
26)    C       i.     271-11 i'ir, 

HOOULATIOM  OF    TH^   REFLECTIVITY  OF   CENICJUOUCTO«. 
BIRNIAUM   H 
J   APPL   PHY? 
36 2     65 7-6 19i>5 CA     hi     191: 

131,906   EEFFCT   IF   PRESSURE   UN   THE   RIl-LEC'ANCt   OF   COMPACUO 
POKntRS, 
5CMAI7   J   A 
I   OPT   SOC   AM 
56 3     nt-N 196« CA     6.     12059 

T36J.'»   CAFRIER   OfNSITY   IN   A   Sf ilICCNDUCI JR   ILlUin..T.D   KITH   A 
LASER.      //r«tF>liSH   IRAIiSLA f ION  OF   FI2.    IV.MJOOO   I'll 
I,   «51.-1,   19 >7.// 
IILI'IOV  L   't VAVILOV  V   S r.ALKIN   G   N 
JOVIEI   PH   I( '.-SJLID   STATE 
9 3     oti-9 1967 
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MbllO   «N   INTEGRtTINC   SPHERE   STSTEH   FOR   KfJSUBIhG   «VERXE 
RtFlECTtNCE   «140   rRtNSMITTANCC. 
OHltS   J  N ItBIEaoriO H 
«PPL   OP1 
■• t     HT'Tk 1965 C*     (Z     IkW 

T363?i.   THE   REFLECTION   «NO   TRANSMISSION   OF   INFRAKEO 
HtTERULS.      III.   SPECTR«   FROM   Z   TO «0   HICROKS. 
MC  CARTMT  0   C 
»FPL   OPT 
■. I    317-20 196S C»    62     I'.m 

13631.6 mNSMITUHCE  OF  THIN  MCTALLIC   FILMS  IN  THE   muuM- 
UNTR/kVIOLET   REGION   BELOM   1 0 L 0   «NCSTROHS. 
RUSTGI   OM P 
J OPT   SOC  AN 
ii 6    630-". 1965 C«     62     155(7 

136371   MINIATURE   OPT.CALLT   IMMERSED   THERMISTOR   BOLOMETER 
ARRATS. 
OE MAARO  R MEINER S 
APPL   OPT 
6 >     1327-31 1967 

131391   RADIATION   CHK AC T> RIST :CS   OF   FOUIH   «NO   0IIOI71O 
METALS.     FkOH     ADVANCE:   IN  THERHOPHmctL   PRDPtRTIES 
AT   EKTREMt   KMPlrtMURf C   AND  PRFSSUIiS. 
EDHAPOS   O   K CATION   I 
ISO   ASMc   STMP   ON   IMt^HCPHTSICAL   P»CP£RII;S   PU»0«C 
UNIV     LAFATETTT   IXO   MARCH   22-2! 

l«<-99 1965 CA     61     95«7 

T3t<.23   TRANSVERSE   AND   LDNCITUOINAL   OPTIC   MOSE   STUOT   IN 
MAGNESIUM   FLUCPIOE   ANO   2INC  FLUO<<IbE. 
BAKKEK   A   S  JR 
PHTS   RE»   /US«/ 
136     A       5     1290-5 I9tii SA    6)     «31<> 

TSI67I.   TRANSMITTANCC   OF   OPTICAL MATERIALS   AT   HIGH 
TEMPERATURES   IN   THE   i-'U TO  12-MU   kANGE. 
GILLESPIE   O   T CLSEN   A L NICHOLS   L   It 
APPL   OPT 
6 11      l<>»t-93 1965 CA     6)     Itttt 

T3t703   THE  DISPERSION  OF   METALS   IN THE   INFRARED   SPECTRUM. 
INGERSOLL  L   * 
ASTROPHTS   J 
32 6     265-90 1910 

T36<.a6  FAR-INFRARtO   SPECTRA   OF   SOLIDS.      FROM     STMP.   ON 
THERMAL   RADIATION  OF   SOLIDS.   SAN   FRANCISCO.   CALIF..        T3(719 
MARCH   I..5.6.   1966. 
ARONSON   J   R MC  LINDEN   M  6 ARTHUR   O   LITTLE   INC 
CAMBRIDGE  MASS USAF NBS NASA 
NASA   ANO  CFSTI 
NASA-SP-55       NL-TOR-66-159       N65-26«S( 
AD 629990       29-3« 1965 

INFRARED   ABSORPTION   SPECTRUM  OF   SILICON  OIOIIDE. 
HANNA   R 
J   AN  CERAH   SOC 
>•( 11     595-9 1965 

T36500   EFFECT   OF   SURFACE  TEXTURE   ON   DIFFUSE   SPECTRAL 
REFLECTANCE.      A.     DIFFUSE   SPECTRAL   REFLECTANCE  OF 
METAL   SURFACES.      FROM     SYMP.   ON   THERMAL   RADIATION   OF 
SOLIDS.   SAN   FRANCISCO.   CALIF..   MARCH   <i.5.6.   196<i. 
KEEGAN   H   J SCHLEIER   J  C HEIONER   V   R 
NATIONAL   BUREAU   OF   STANDARDS     HASHINCTON   O   C USAF 
NBS NASA 
NASA   ANO  CFSTI 
NASA-SP-55       ML-TDR-61.-159       N65-26072 
AD 629990       16'.-9 1965 

T366I.6   TRANSMIT TAlVCE  OF   IRTRAN-t.   MAGNESIUM  FLUORIDE   ANO 
IRRAOIATEO   MASNESIUM   FLUORIDE. 
DL3EN   A   L HILLS   ME NC   BRIOE   M  R 
OPT   SOC   AM 
53 <     1003-5 1963 
Ml 7     2053-* 1966 
J  CHEN   PHTS 
A1-615JS0        NAVNEPS      «716 

1-6 1965 TA     6>     13 

T36669  A   METHOD   FDR   MEASURING  POLARIZATION   IN   THE   VACUUM 
ULTRAVIOLET. 
RABINOVITCN   K CANFtELO  L   R MADDEN   R   P 
APPL   OPT 
6 I     1005-10 1955 CA     (3     (.-.16 

T37021   LASER-INDUCED   INFRARED   ABSORPTION   IN  SILICON. 
GAUSTER   W  B BUSHNELL   J  C 
J  APPL   PHTS 
ot 9     395C-3 1976 

730726   AVOIDING   ERRORS   FPON  STRAY   RAriAIION   IN  MEASURING   THE 
SPECTRAL   EMIIIAMCE   OF   DIFFUSELY   REFLECTING   SPiCIMEKS. 
CLARK   M  C 
APPL   OPT 
6 10     1356-7 1965 CA     I,     177 

T39011   EFFECTS   OF   A   SIMULATED   HIGH-ENERGY   SPACi   ENVIRONMENT 
ON   THE   ULTRAVIOLET   TRA KSIIITTANCE   OF   OPTICAL   ItlERIALS 
BtTMEEN   l0-:0   ANGSTROMS   AND  3000   ANGSIROIS. 
HEATH  O  F SACHE«  P   A 
APPL   OPT 
5 6     937-43 1966 

T3907I.   THE   DIRECTIONAL   SPiCTRSL   REFLECTANCE   OF 
HELL-CHARACTERIZEO   SYMMETRIC   V-GROCVEO   SURFACES. 
PH.D.   THESIS. 
nun   R   B PURDUE   UNIVERSITY      LAFATEIT£   IN0 
IND 
UNIV   MICROFILMS   PUBL 
t6-2335 1-203 1965 

T392C3   NORHAL   MODES   IN   HEXAGONAL   OOFON   NITRIDE. 
GEICK   R PSMt   C   H RUPPRECHT   C 
PHYS   REV 
K.6 2     51.3-7 1966 

T39165 TH£RMAL RAOIATIOM CHARACTERISTICS OF TRANSPARENT, 
SEMI-T»ANSPA'.£M ANO T0ANSLUC£NT MATERIALS UNDER 
NON-ISOTHERMAL   CCNOITICNS. 
HOB9S   H   A FCLUEILER   R   C LEXING73N   LA4S   INC 
CAHBRIOG'   HASS USAF 
DDC   AN3   OTS 
A50-TDR-62-719/PT   3/        N66-J705« 
AD-635621 1-112 1966 CA     67      i*slt 

737390   IMPROVED  RADIATOR COATMGS.      PART   I.      REFT.   FOR   1   APR   MlV, 
63-t   APR   66. 
SCHATZ   E   A CCUNTS   C   R   III BURKS   T   L 
AMERICAN   MACHINE   AND   FOUNDRY   CO      ALEXANDRIA   VA 
USAF 
ODC T3951.3 
HL-T0R-6'.-166 
A0-i.>(2216       l-«2 196". 

137^7«   ACTIVITY   REPORT   iJE   HIGH   TEHPfRATURE   COATING   AND 
HAURIAL   PROCRAHS   il   AHf.      FROM      SUHMARY   OF   THE 
SEVENTH   REFRACTORY   COKPUSifES   HORKINi   C^OUP   HEf-TING, 
VOLUME   2. 
B'OuntNG   N  £ AHERICtN  MACHINE   AND   FCUNORY  CO 
ALEXANDRIA   VA USAF 
ODC 
RTD-TOR-bl-HJl/VOL   11/        NII.-27020 
A0-b012b!        i.0t-3« 1963 

VERIFICATION   CF   THE   THEORY  OF   TH£   THERMAL   TRAP. 
COBILE   M   H FANS   P  C LUKSOAINE   E 
J   FRANKLIN   INST 
202 2      102-7 1966 

THERMAL   PR0P£RTIF5   OF   SILICA.     PART   1   -   £FFECT   OF 
TEMPEPAIURE   014   INfRAR-IC   REFLECTION   SPECIRA   OF   QUASTZ, 
CRISTO<!ALITE    ANO   VITRECUS   SILICA. 
GASKELL   P  M 
KANS   FARADAY   SOC 
62 6      I'. M-   I, 1966 

T37991   DIFFUSION OF   CAOHIUM   IN   5O0IUP  CHLORIDE. 
KEOA   r 
J  PHYS   SOC   JAPAN 
1) 6     11-6) I'll- $A     67      Ztuti 

730121   INFRARED   TRANSM1TTANCE   OF   OPTICAL   MATERIALS   AI   LOM 
TEMPERATURtS. 
IIN'^TEAOT   C US   NAVAL   CPO'UNOE   TEST   STA 
APPL   OPT 
1 12      l>.>3-6 1 •'.'• CA      ■■ !      136) 

1)971;'.   OEVELOFHENT   OF   HAIERIAL   RFSliTANT   10   MIOH-lNtfNSITT 
THERHAL   4A0IAT (ON, 
ANDERSON   R   B DOUGLAS   AIRCRAFT   CO   INC      LJNG   BKCH 
CALIF USAF 
DOC 
AF«L-TR-6;-l.)« 

1-26« 1965 

1)9935   INFRARCJ   TR1N*"IITANCT   OF   SOME   CALC1U1   »LUHINAIE   ANO 
GLRHAHAl:   GLAS'.ti.      PAPER   NO,   2625. 
FLCREMC-:   J   M GLA7E   F   M ULAC«   M   M 
J   KESfARCH   NAT   BUk    ifANOAPIIS 
55 6     231--.0 1955 



1014 

IS«*?   IMER.ilL   EXPANSION «NO   CTHE«   PMTSIC«L   PRO^tRTItS   Of 
THC    NCME*    I>.f k4).eO-rB«N',111 T ING    OPTICAL    H»TfRI«LS. 
eALL4<)0 s s       9*om« J s 
«PPL   OPTICS 
5 12      Itn-t ISbfc C«      »6-6   2149Z 

T399SZ   INFRtREO  SPECTRAL ElITTANCC   MEASUPEPENTS  OP  OPTICAL 
MATERIALS. 
STIERMALT  0 L 
APPL  OPTICS 
f 12     1911-15 1966 CA     66-6   ZkCtl 

TliOSCS   IMPURITr-SCNSITm    IKPVAREO  ABSORPTION   IN   N-TTPE 
ALPHA-SILICON   CAR8I0E. 
INAI   A 
J  PHTS   SOC   JAPAN 
21 tt      2610-1» 1466 CA     66      .»»« 

ToOISS   INFRtt'EO   RFFLECTANCe   ANO   CPTICAL   CONSTANTS   OF 
TCKTITCS. 
PERRT   C   M W4ISLET   J   0   J« 
APPL  OPT 
t S     iti-f 1*67 

Tl>g230   REFLECTANCE   OF  CONPACTEO PONDER   MIXTURES. 
SCHAT2   E   A 
J  OPT  SOC  AH 
if J   ««i-fi iw      bl   6'   ssri; 

T<i033a   LICHTNEICHT   OPTICAL   MATERIALS.      FINAL   TECHNICAL 
DOCUNtNTART   REPORT,     I   APR.   H.-JC   APA.   t>. 
ACITELLI   n   A CUNSr   H  L NAUJOKAS   A  A 
BAUSCH   AND   LOM9   INC   RESEARCH   ANO   OEVELOPKENT   DIV 
ROCHESTER N   Y OOC 
ODC 
AFAL-TR-6S-1B2 
A0-<.ai29t       1-1«« 1966 TA     66-11  A-10S 

Tlt0<>12   A   CONFISURATION   CORRDINATF   MODEL   FOR   THE   TMERPAL   ANO 
ULTRAVIOLET   STABlUTIcS  OF   <LPHA-AL2   03.      FROM     PROC. 
OF CONF.   ON   SPACECRAFT  COATINGS  DEVELOP.   19U. 
SCHUTT   J   I NACKLIN   B   A NASA   CODQARO   SPACE 
FLIGHT   CENTER      GREcNBELT   MARYLAND 
NASA   AND   CPSTI 
N66-3r«19        S-26 196". 

T<.0(>13   SPECTRAL   CNISSIVITT   OF   METALS   AFTER   OAMACc   lY 
PARTICLE   IMPACT.     FROM     PROC.   OF   COrtF.    ON   SPACECKAPT 
COATINGS  DEVELOP.  196<>. 
SCHOCKEN   ' FOUNTAIN   J  A 
NAS#   AND  CFSTI 
NASA-TM-X-S616r       N66-3r«29 

1-20 '.»Si. PA     N6E-I.-23  1.632 

Ti.0i.20   HONCCH^OMATIC  REFLECTANCE  TESTS. 
HETMORE   R  A SOEING  CO     SEATTLE  HASH USAP 
we 
BSO-TR-se-lkO       AD  LASCSr 

1-116 1963 TA     6,-1'.   A-10T 

T<.0625   FOUNDAIIONAL   RESEARCH  FROJECTS. 
COOK   C   F BUCH1N1N   R   A BUTLER   P  A 
HC   CARTHT   0   C RAINNATER   I   E NAVAL   ORDNANCE 
LAB     CORONA   CALIF 
DOC 
NAVHEPS-tm   AD 6IS193 

I«**        1966   TA  66-16  12 

T1.0S2a   INFRARED   COATING  STUDIES. 
SUL2SACH   F TURNER   A   F 9AUSCH   AN3   L0H9   INC 
^CHESTER   NV   RESEARCH   ANO   OEVELOPHENT   OIV 
ODC 
AD   M5b/C        1-33 1966 TA     66-1'     92 

Tl.0581   THE   INFRA-RED   TPANSMISSION  CF   THIN   FILMS   CF   VARIOUS 
ORGANIC   MATERIALS. 
NELLS   A   J 
J   APP   PHTS 
11 lU-.O t9<>0 

I'.Olfl!   HIGH   REFLECTANCE   COATINGS. 
0U3S   C   N 
IEEE   TRANS   ANO   NUCLEAR   SCI 
13 1      729-l<i 1966 
OOC 
AF:BL-IP-102        AFC^L-66-l.li. 
AD   637193        1-10 1966 

CA      6>      279 

TA      66-20      73 

Tli0977   DISTRIBUTION   C   INFRARED   ABSORPTIOK  BANOS   IN  TNt 
SPECTRUM   OF   CRTSTALLISING   GLASSES   IN   THE   k£GI0N OF 
ABSORPTION   Br   HATER.      //ENGLISH   TRANSLATION OF 
2H.  FI2.   KHIM,   1.0   /6/   1310-   t    1966.// 
TROITSKII   0   A SHHURAK   S  I 
RUSS   J   PHYS   CHEN 
60 6     701-2 1966 

f.!-?!   DEVELOPMENT   OF PHASE-CHANGE  COAYINGS.      FIOH    THERMAL 
DESIGN   PRINCIPLES   OF   SPACECRAFT   AND  ENT?Y   QOOUS, 
PROGRESS   IN   ASTRONAUTICS   ANO   AERONAUT ICS.       VOL.   21. 
CRIFFIK   R   N LINOER   B GENERAL   ELECTKIC  COMP 
KING   OF   PRUSSIA     PA 
ACADEMIC   PRESS     NEM   YORK 

553-76 196» 
ADA   3R0   THERMOPHTSICS   CONFERENCE 
PAPER   60-776 1969 

T6t606   ROTATING   CYLINDER   METHOD   FOR   MEASURING   NORMAL 
SPECTRAL   EMITTANCE   OF   CERAMIC   OXIDE   SPtCIMiNS   FROM 
U00   TO   1600   K. 
CLARK  H   E MOORE   0  6 
J  RES   NATL   BUR  STD 
70       A        S     393-<tl$ 1966 JA     SB     (I 

TI.1607   AN tBSOLUTE   HETHOD   OF   CETERMINING   TRANSHISSION ANO 
REFLECTION  COEFFICIENTS. 
FC IT   S   J GOODMIN   A   R JCHNSON  F   A 
QUARRINGTON   J   C 
J  SCI   INSTR 
60 t     307-90 1963 CA     bi      tU93 

Tl>t6l.O   SPECTRAL   EHISSIVITY   OF   SILICON. 
SATO   T 
JAPAN   J   APPL   PHYS 
6 3      339-W 1917 

TI.193<.   ENVIRONMENTAL   STUDIES   OF   THERMAL   CONTROL   COATINGS   FOR 
LUNAR   O^BITER.     FROM      THERMAL   DESIGN   PRINCIPLES OF 
SPACECRAFT   ANO  ENTPY   90DIES. 
ASTRONAUTICS   AND   AEPONAUTICS. 
SLEHP   U   S HANKINSON   THE 
RESEARCH   CENTER     HAMFTON   VA 
ACADEMIC   PRESS     NtM   YORK 

797-I17 1969 
AUA   3RD   THERhCPHYSICS   COHFEKEMCE 
PAPER  60-792 196« 

PHOGtESS   IN 
VOL.   21. 

NASA   LANGLEY 

LOS   ANCi-lCS  CALIF 

T'.O'i.t   RADIATIVE   PSOPtRTIES   OF   SURFACES   CONSI,)rPEO   FO<   USE 
ON   THE   EXPLOPER   S1TELLITE5   AMD   PIONEER    SPACE   FRD9ES. 
SHIPLEY   W   S TMOSTESiN   T   0 J£T   P-JOPULSION 
LAJORATORT   CALIFORNIA   INSTITUTE   OF   TECHNCLOCY 
P»SADE1A   CALIFCiRNIA 
ODC 
JPL   HEHO   NO.    20-19. 

1-26 !■)(.- 

T1.079»   IHFRJREO  EMISSION SPECT-!UH  CF   SILICON   CAflnlOC  HEATING 
ilTMENTS.      /RCSfMCH   PAnEP   KO.   2010./ 
SItHART   J   E FICHHONO   J  C 
J   RESEARCH   NAIL    Hi.'   STANOtKOS 
59 6     605-9 1957 

Tlil9i.5   THfRHU   CONTROL   EXPERIMENTS  CN   THE   LUNAR   ORSIUR 
SPACECRAFT.      FROi      T HEfvltL   DES ION  PRINC tPLr.S  OF 
SPACECRAFT   AND  ENTRY   •aCOIES.      PROGkESS   IN 
ASTRONAUTICS   ANO   AERONAUTICS.       VOL.   21. 
CALOMELL   C   R NtLSON   P   A THE   30CINO  COHPANY 
SEATTLE   NASHINOTON 
ACADEMIC   PSESS     NEH   YORK 

»H-52 1969 
AIAA   3RD   THEHMCPHTSICS   CONFERENCE     LOS   AN&tLES CALIF 
PAPES   6«-r93 196» 

TM2701   OEVELOPHENT   OF  OPTICAL   COATINCS   FOR  COS   THIN  FILM 
SOLAR  CULLS.      EIIIAL    REPORT. 
SCHAEFE»   J   C HUL   E   R HARSMAN   CNiHldL  CO 
CLEVELAND   OHIO 
NASA   AND   CFSTI 
NA',A-CR-J<.965 
•IM-,"   I/!        1*11 19(5 C«      6«      1097^6 

T1.2072   LATTICE    INFRAfEO   SPECTRA   OF   BORON  NITRIDE   AND  OORON 
MQNOFM.TJPMIDE. 
GlfLISSE   P   J NITRA   S   S PLEKDL   J   N 
CRIFFIS   R   0 NANSUR   L   C HARSHA1L   R PISCOE   ■    A 
PMYS   REV 
IJ1- 1      l( T«-"-» 1967 

T1.2S91   OPTICAL   PtOPlRIKS   OF   INSULATORS   IN   THE    EXtRLNf 
ULTRAVIOLET. 
STEPHAN   G LENONMttK   J-C ROCIN 5 
J  OPT   SUC   AN 
5» i.      -01.-92 1967 CA     67      J79.2 



Tl.2979   INFOMEU   COtTlNG  STUDIE;.      «TH   auMTeRLY   PFPOSI 
CM1NC   L ««USCH   »NO   LOHB   INC     ROCHESTC«   "C"   »OR« 
0* 
DOC 
to bmsj    WJ i«is 

T<.316Z   THE   UlTdtVIOLET   KEFLECTIVITT   OF   »LPM». 
MHEELER  t E 
SOLID   STATE   COKHUN 
k %     ITS-i 1«»» C« 

«MO   EETt-SIC. 

6«     1U 

T<>3<.9S   AN   INVESTICtTIOM OF   THE   THERMAL   RAOIATIOh   PROPERTIES 
OF   CERTAIN   SPACECRAFT   HtTERIAlS.      FINAL   REPT. 

L LUEOXE   E   E HILLER   II   0 
0   A SPACE   TECH   LABS   INC 

BEVANS   J  T BRONN   S 
NELSON  K  E RUSSELL 
REOONDO   BEACH   CALIF 
NASA   ANO  CFSTI 
STL-SbM-bOU-SU-OCJ 
Kb6-Ji.938        1-10. 

NASA-CR-7i.77t 
1962 PA NM-k-lJ     2kt1 

Tt37<.l INVESTICATION OF H-:CMANISHS FDR OXIDATION PROTECTION 
ANO FlILURE OF INTERNETALLIC COATINCS FOR REFRACTORT 
NETALS. 
BARTLETT   R N CAGE  P  R PHILCO CORP   RES   LAIS 
NEHPORT   BEACH  CALIF USAF 
DOC   ANO   CFSTI 
ASD-T0R-6W*1   /PT   11/ 
AO   60)167        1-tZr t«M 

Tfc^til^   TRANSHITTANCE   OF  OPTICAL   MATERIALS   FRON   0.17   PICRONS 
TO   3.0   MICRONS. 
MC   CARTHV   0   C 
APPL   OPT 
6 It      1896-1 1967 

Tl.t.300   OBSERVATlnN   OF   ABSORPTION   EDGES   IN   THE   EXTREME 
ULTRAVIOLET   BT   TRANSMITTASCE   MEASUREMENTS   THROUGH 
THIN   UNBACKED   METAL   FILMS.      FROM     OPTICAL   PROPERTIES 
ANO   ELECTROMC   STRUCTUfct   OF   METALS   ANO   ALLOTS. 
HUNTER   M   R HULBU..T   E  0 CENTER   FOR   SPACE 
RESEARCH   US   NAVAL   RESEARCH   LAB     MASHINGTON   0  C 
N1RTH-HOLLANO   PUB  CO   AHSTERCAN 

13b-i.6 196» 

T<.56b7   THE   MfASURFMENT   OF   AESOKPTIVITT   ANO  REFLECTIVITY, 
DE  LA   PERRrLLE  E  T HERBERT   M AERONAUTICAL   RES 
COUNCIL   /CT   BPIT/ 
HNSO 
RAE-TN-RAD-APC-23179        APC-CP-601        N»2-l>.tlll 
N6<.-2e03] 1-22 1962 PA     N>W   2167 

rc.bU   MEASURFMENT   OF  THE   INFRARED  SPECTRAL   ABSDRPTANCE  OF 
OPTICAL   MATERIALS. 
STIERMALT   0  L BERNSTEIN J  ( KIR»   0   0 
APPL   OPT 
2 1UW3 19(3 

1*5700   PAINTS   TO   REFLECT   ULTRAVIOLET   LIGHT. 
WILCOCK   D  F SOLLE*   M 
INO  ENG   CHEN 
32 1<.I<6-E1 HO 

T<i«929  RELATION   BETNEEN  SURFACE   ROUGHNESS   ANO  SPECULAR 
REFLECTANCE   AT   NOFMAL   INCIDENCE. 
BENNETT   H  E POftTEUS   J   0 
J   OPT   SOC   AH 
fl 2     123-9 1961 

TliB9S<.   VAPOR   DEPOSITION  OF   SILICON  NITRIDE  ON   GALLIUM 
ARSENIDE   BT   II  CLI.-NH3-N2   STSTEN. 
SEKI   H HORITAMA   K 
JAPAN   J   APPL   PHTS 
6 11      131.5-6 1967 

T<.6ai>3   INFRARED   FILTERS   OF   ANT IREFLECTED   SI.   GE.   INDIUM 
ARSENIDE.   ANO   INDIUM   ANTIMON10E. 
CD«   J   T HASS 6 JACOBUS C  F 
J  OPT   SOC   AH 
fl 7     71I.-1I 1961 

T<.7042   THE   SPECTR»L   REFLECTANCE   OF   ORCNANCE   MATERIALt   AT 
NAVELENGTHS   CF   I   TO   12   MICRONS.      FINAL   REPT,   NO, 
1196. 
HILBURN   C   ►, RENIUS   0 DETROIT   ARSENAL     CENTER 
LINE   MICHCAN 
DOC 
»0-9^?i.6 1-<1 19» 

Tl><.9<>2   DEVELOPMENT   OF   HUH   TEMPERATURE   INSULATION   MATERIALS. 
BERG   0   I LENIS 0   « HESTINGHOUSE   RESEARCH  LABS 
PITTSBURGH PA 
DOC 
A0-«0119>>       1-107 1966 

T'<5017   TRANSPARENCE   LIMITS   OF   INTERFERENCE   FIL-tS   OF   HAFNIUM 
ANO   THORIUM   OKIOES   IN   THE   ULTRAVIOLET   »^GIOK  OF   THE 
SPECTRUM.      //ENCLI3M   TRANSLATION   OF   OPIIKA    I 
SPEKTROSKDPIYA   72  /6/   9.a-ii   1967.// 
SVIRIOOVA   A   A SUIXOVSKAYA   N   V 
OPT   SPECTR» 
22 6     509-1? 1967 

Tl.5177   SOME   PROPERTIES   OF   VAPOR-OEFOSITEO   SILICON   NITRIDE 
FILMS   USING   THE   SIH1,-NM1-H2   SYSTEM. 
BEAN   <   £ CLEIM P   S Y£AKLEY   R   L RUNYAN   N   R 
J   ELECTROCHEM   SOC 
11« 7      73J-7 1967 CA     67      fe1?8S 

Tl.7.19'.  MATERIALS   EVALUATION  FC^   SERVICEABILITY   OF   OPTICAL 
GLASSES   UNDER   FROLONGED   SPACE   CONOUIONS.      FINAL   MPI 
JULY.    19b5-JUNE   1967. 
HOLLAND   N   R AVCO   ELECTRONICS   OIV   AVCO   COiiP 
TULSA   OKLA 
NASA 
TR-67-G-109-F       NASA-CR-6S687 
Nb7-3<.672        1-73 1967 

T-7262   SPECTRAL   EMISSIVITT   OF   HIGHLY   DOPED  SILICON.      FROM 
TMERMOPHYSICS   CF   SPACECRAFT   »NO   PLANETARY   BODIES. 
PROGRESS   IN   ASTRJNAUdCS   ANO   AEROIAUTICS-V A.   2J. 
LIEBEF.T   C   M 
ACADEMIC   PRESS     NfH   YORK   ANO  LONDON 

li-LO 1967 
AIAA   TMERMOPHYSICS   SPECIALIST   CONF£RENC£ 
PAPER   67-3C2 1967 
NASA   ANO   CFSTI 
NASA-TH-X-,22El.       N-67-127la 

Ti.5212   INFRA^tO   OlfFJ'St   RtFLECTOR   COATING.      MONTHLY   PROGRESS 
R-PCRT.      HAT   1967. 
SCHMIK   R   N HONEYNCLL   INC   SYSTEMS   ANO   RESEARCH 
CENTER     ST   PAUL   MINNESOTA 
DOC 
A9-8I56J".       1-33 1967 

TLSLSt   ULTFAVIOLET   MINCOVS   AND   FILTERS   FOR   THE   SPECTRAL 
PcCIlN   eETMEEN   UK   A.   ANO   3000   A, 
MLCT   G MAX-PLANCX-INST   PHYS   ASTROPHYS      MUNICH 
GER 
NASA   ANO   CFSTI 
E5RO-SM-6        N6o-2t7]3 

1-16 196j CA      67      16396 

TmiBS   A   TECHNIQUE   FOR   THE   MEASUREMENT   OF   SPECTRAL 
REFIECTAMCE   AT   LOV   IEMF-:RATUPti   IN   THE    INFRARED   AND 
FAR   INFKARCC.      FROH     THCRPAL   U:SIGN   FRI1CIPLES   OF 
SPACECAFI   ANO   ENHY   BOOItS.     PROGRESS   IN 
r. .1     rr:ilu   ,   AND   ALCONAUIICS.      VOLUME   21. 
JO'lf S   M   C PALMES   (1   C 
ACAOE1IC   PRiSS      MEM   YORK 

56J-S7 1<)69 
AIAA    3RO   THIRHOPHYJICS   CONFERENCE     LOS   ANGELES   CALIF 
JUlf   Z'.-b   1)6« 
PAPER   63-77? 196« 

Ti.7122   REFLECTANCE   MEASUREMENTS   OF   COLO   ANO  FUSED   QUAtT2 
IN   THE   VACUUM   ULTRAVIOLET. 
PLAT20EDER   K STEINMANN   M 
J  OPT   SOC   AHER 
9« 6     i*(-9 196« CA     69     IkSii 

T'.799«   INVESTIGATION   OF   THE   EFFECT   OF   SURFACE   CONJIIIONS   ON 
THE   RADIANT   Pf^PERFIES   JF   METALS.      PART   II, 
MEASUREMENTS   CM  RCUGHENcO   PIATINUM   AMD   OXIOI2EO 
STAINLESS   STEtL. 
ROLLING   R   E FUNAI   A    I LOCKHEED   MISilLEE   ANO 
SPACE   CO      PALC   ALTO   CALIF • 
DOC   ANO   CFSTI 
AFKL-TR-bU-Jf I/PI   11/        LMSC-6-7/-07-27 
A0-6SS3«<I       l-Mt 1967 CA    67     )3kC2 

T'.8J97   OEVELOPHFNI   OF   SILICON   INFRARED   OPTICAL   CO IPONCIT« 
/IRANSHIITINr.   HIN0OWS/. 
COLE   F   L HItCH'LL   G HICKS   J At RaHAU'ICt L 
SYSTEMS   CC'TfR   Ml ICHT-PAI T ERSON   Al-i   FORCE    lAUt     OHIO 
DOC 
AMC-7R-60-7-7I« 
A   -.'   G    !  1 1-/11 1960 

TI.JIJ5  FORMATION   JP    Tl-IN  POLTACRYLOM TRIL'   FILiS 
ElCCTRICAL   P'C'C^IIES. 
NIRAI   T NAKA3I   O 
JAPAN   J   APPL   RHYS 
7 t      II.'-21 196« 

.HO    IHF1« 
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■UeiJf.   VAPOP   DEPOSITION OF   SILICON   NITRIDE   flM   ON   SILICON        MliiS   THERNit   RtDI*1I0N  Hftl    T'<«N;riR.      VOLUN.   1. 
«NO   RROPERUES   Or HtNCtNESE   SULMOE   OlTJiS. 
SUCtNO   T MIRtI K KUROIH«   K HON  K 
JtPtN   J   APPL   RHTS 
T Z     tiff 146« 

TII»Z«I iNrRt-R£0 «esoRmoN IN SENICONOUCTORS. 
r»N M v 
REPORT   ON   PROGRESS   IN   PMYS 
i«. ior-»$ m* 

Ti.t36» EPPECT or SURFACE ROUCMNESS ON EIITT«NCE or 
NONMtTUta 
RICHMOND   J   C 
PROCR   ASTRONAUT   AERONAUT 
ii itr-rz isbt 

T<.«91Z   OPTICAL   PROPERTIES   OP   «LUHINUN   OXIOE   IN   THE   VACUUM 
ULTRAVULEt. 
«RAKtMt   E   T KILLIAMS  1  M 
J   PHVS  CHEN   SOLIOS 
29 S     rU*M 196« CA     69     lOM 

T<.90J7   TEMPERATURE   OE'ENOENCE  0'  SURr»CE  TENSION  rOR  POL» 
/TETRAFLUQRcTHTLENe/   /SUPERCOOLEO  LIQUI9/   ESTIMATED 
PROM   CONTACT   ANGLES. 
SCHONHORN  H 
POLYM-R 
9 2     M-t 196« CA    6«      7666? 

THc 
BLACKBOOTt   ELT CT4C1AGKIT IC   THCORT,   ANO   1AT   RIAL 
PROPERTIES.      THER>iAL   RADIATION  MEAT   TRA'ISPcR«      VOLUME 
II.      RADIATION  EXCHANGE   UETMICN   SU» PACES   ANO   IN 
ENCLOSURES. 
SIEGEL   R NOMELL   J  • 
CLEVELAND ONIO 
NASA AND CrSTI 
NASA-SP-161.       NM-2A330 

LEMIS   fiESEAkCN  CcNTER 

196« PA    Noi-t-i;    19«« 

T>I9<>1«   OPTICAL   CHARACTERISTICS  OP   SILICON  PHOTOCELLS   ANO   THE 
EFPICIENCY   Of  A   THtRHOPMOTOELECTRIC  CONVERTER. 
//ENGLISH   TRANSLATION  CF   TEPLOPIl.   VYSOKIKH 
TEMPERATUR  i  /(,/  10 79-66.   1967.// T;;9<.6 
VASILEV   A   N COLOVNER  T   N LANDSMAN   A   P 
LIOORENKO   N  S 
MIGN   TEMPERATURE 
I 6     967-71 1967 

TS2i;]   -MC   INFLUENCE   OP  ULTRAVIOLET  RADIATION  ON   THE 
EHITTANCE   AND   SOLAR   A9S0RPTANCE   OF   A   NHITE   PAINT 
COATING. 
9RANQEN3ERC   N   M GENERAL   OfNAHICS/A3TRONAUTICS 
SAN DIEGO  CALIFORNIA 
OOC 

AO-676131        t-1] 1961 RR     fcl-J     «7 

rr;7«,   TOTAL   NORMAL   SPECTRAL   CHARACTERISTICS   OP   CENTAUR 
PAINT   COATINGS. 
SHINKLE   P   J GENERAL   OTNAMICS/AST RbNAUTICS 
SAN DIEGO  CALIPORNIA 
OOC 
AO-81.3115 l-W 1961 

T62I72   STUDY   OF   OEPOSITED   INSULATING   LAYERS   ON  SILICON, 
NUTTALL   R ROMSOTHAM   C EASTMOOO   E 
FERRANTI   LIMITED    UYTHENSHAME   MANCHESTER  EN&LANO 
OOC 
AO-«7l)i.9        1-2S 1967 

AHISOTROPY   IN   EHISSIVITT   OP  SINGLE-CRYSTAL   REPRACTORT 
MATERIALS. 
AUTIO   G   M SCALA   E 
ANUOTROPY   SINGLE-CRYST   REFRACT   COMPOUNDS   PR9C   INT 
SYMP     DAYTON   OHIO  1967 
t 3l'-Sl 196« CA     7a        613 

T50e9«   THE   THERHAL   RADIATION CHARACTERISTICS   OP   SOME   HI6H- 
EHITTANCE   COATINGS   rOR   SPACE   APPLICATIONS. 
LEHIS  B   M          RADE   M   R SLEMP   M   S          PROGAR   0   J 
NASA   LANGLEY   RESEARCH CTR      HAMPTON   VA 
NASA   ANO  CFSTI 
NASA-TH-X-S9II9 
N66-27iti.l        1-19 1966 

T5ll<.5   THE   REFLECTION   ANO   TRANSMISSION   OF   INFRARED 
MATERIALS.      V.      SPECTRA  FROM   2   MICRONS   TO   SO   MICRONS. 
NC   CARTHV   0   E 
APPL   OPT 
7 19     1997-2000 196« 

T51317   CARBOXY-ORGANOSILICAS   -  CH£HICALLY  ACTIVE   PILLERS   FOR 
POLYMERS.      COHWNICATION   I.      SYNTHESIS   AND   ADSORPTION 
PROPERTIES   CF  Ci-WOXY-ORGANCS ILICAS   ANO   »HE 
REII.FORCEMEKT  OF   VIUYLPYRIOINE   RUBBER. 
i.■(!;;« J   A   A PAVLIK   G  E UR'YKH   V   A CHUIKO   E   A  15396'. 
ARUMOV   V   A N£I.UR<  I   E TSIPEMTUK   E   » 
UKRAIN   KHIM   IN 
32 ".     :71.7 196* 

T513H   CARBOXY-ORGANOSILIC'S   -  CHEMICALLY   ACTIVE   FILLERS   FOR 
POLYMERS.     COMNUNICAMON   I.       SYHThfSIS   »NO   ADSORPTION 
PROPERTIES   CF  CAR3JX»-0RCtN0SILlCAS   AMD   THE 
REINFO-JCEMINT  OF   VINYLPYRIOIN-   RUBBER.      /tNGLISH 

T5Ji.qi    OPTICAL   SOLAR   DEFLECTOR.       A   HIGHLY   STABLE.   LOM 
AS/E   SPACECRAFT  THERMAL   CONTROL   SURFACE. 
MARSHALL   K   N BREUCH   R   A 
J   SPACECRAFT   ROCKETS 
5 9     10tl-6 196« 
OOC 
AO-67«799 196« 

T53I.9»   THE  TOTAL   NORMAL   ABSORPTIVITIES   ANO   TOTAL   NORMAL 
EMISSIVITIES   CF   SHERMIN   WILLIAMS   FLAT   BLACK   ACRYLIC 
PAINT   AT    -323i   0   AND   110   F. 
SHINKLE   F   J ASTRONAUTICS   DIVISION  GENERAL 
OYNAIIICS   CORPORATION      SAN   DIEGO   CALIF 
OOC 
COA.CRR-AN-056 
AO-69177S l-H 1961 RR     69-7      1C3 

A   SPECIROSCOPi:   INVESTIGATION   OF   THE   SPECTRAL   NORMAL 
EHITTANCE   UF   ULTRA-HIGH   PURITY   ALUMINUM. 
PM.O.   THESIS. 
CURCIO   J   V UNIVERSITY  OF   HASS     ANH-RSI 
HASSACHUSETTS 
UNI»   MICROFILMS  PUOL 
t6-9l?3 1-15. Hb6 PA     Nbl-'-t      9)7 

LS,   OLD   ANO  NEM. 
TRAWSLATIOH  OF   UKr<AIN.   KHIM 
CHUIKO   A   A »AVLIK   G  E TERTYKM   »   A 
ARTEMOV   V   A NtlMARK   I   E TSIPENYUK 
SOVIET   PSOGS   IN   C'(tM 
J2 ■•     245-90 1966 

ZM.    32   /kf   371-7,   1966./ 
CMUIKO   E   A 

E  V 

Til..«3   THE   EHITTANCE   OF   GERMANIUM   ANO   SILICON   AT   LOM 
TElPERATURE.     TECH.    REPT. 
SCHLEI5ER   E   R WEIB   L   A NAVAL   RADIOLOGICAL 
DEFENSE   LABORATORY      SAN FfANCISCO  CALIFORNlA 
DOC 
MROL-TRX-66-6        AFML-IR-bB-2'.2 

1-31 196« 

T«li9<>   THE   EMISSIVITY   ANO   REFLECYlVtTY   OF  COATINGS. 
STORY   J   C 
OFFICIAL   DIGEST 
33 2«S-99 1961 

T',lb07   INFPA-REO   ABSORPTION  ANO   REFLtCTlON  SPECTRA. 
COBLE'lTt   U  M 
PH»5   REV 
21 2     125-S1 190b 

15)9*4   INFRARED   OPTICAL   MA 
9ALLAP0   S   S 
JAPANESE   J   APPL  PM»S 
<   SUPPL.   I     23-9 1969 
OOC 
AFCRL-bT-C-»?       AC-663676 
APPENDIX    A      1-' 19b7 

T3li663   SAPPHIRE   ANO   OTHER   NEM   COMBUST ION-CHAHüLR   UINODM 
MATERIALS. 
CALINGAERT   G HERON   S   0 STAIR  R 
S   A  E   JOURNAL 
39 5     i.i.B-'C 1936 

T55)i.l   EXPEOIPENTS   CONCiSNIN1;   INFRARED   DIFFUSE   REFLtCIANCt 
SFANOAROS   IN   THE   RANGE    j.5   TO   2C..   MICRONS. 
AGNEH   J   T MC  lUISTAN   K   0 
J   OPT   SOC   AMER 
-3 11      99'I-U07 19l.3 

156239   SPECTRAL   RfFLFCTIMG   POMER   OF   SOME   PAI?<T   UM   VARNI5N 
COATINGS   I"   TN!   I.t!-lf.t   MICRLN   RtGION, 
AFANASfV»   6   D VIHO'^AOOVA  L   N ILLYASOV  S G 
FR1070N   M   H IYURIN   1   F 
LAKOKPASOCM   HATE«   IKH   Fi<IHEN 

k     )6-i.l 19E9 CA     ti      -Sri 
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libTtT   SILICON.  /0<rt SHEfTS/ 
N-:unE»'.:R N   NELLCS S J    HUGHES «IPCRAFT CO 
ELECTRONIC  PROPE^TUS   iNFORHiTIOD CENTER     CULVEP CITT 
CtLIFORNI« 
DOC 
EPIC-OS-ltZ        »D-698J*? 

1-271 I9fr9 RR     70-%     175 

Ttrzi)»  SOME   RRORERTIES  Of  SILICON  ORSIOE  THIN  FUNS 
PREPARED  BT  ELCCTRON  Bf IM  EVAPORtTION. 
BUNT ON   C   V 
J  PHTS   D   /«PPL   PHTS/ 
3 I     til-S 197t 

T57891   CORPELITIONS   BtTHE-N   DISPERSION   OP   EIREFRINCENCE   «NO 
TR»NSHIIT*NCE OF  THREE   POLTnERS. 
n nun  r. CLOUD  0 
J  OPT  SOC  «H 
to s   tooz-s 1971 

TSB61*  INrxiREO  SPECTRt «NO  CHtRtCTERISTIC  FREauENCIES OF 
INORGtNIC   IONS. 
HILLER   F   A KILKINS   C   H 
•NtLTTICAL   CHENISTRY 
tit S    125J-«<> 1951 

T'9966   OPTICAL   REFLECTION   AT   C«A7ING   INCIDENCE   FROM   A   SHOCK 
FRONT. 
PERT   i   J SEEDS  C   N SIHPSON   0 SHY   P   * 
J   APPLIED  PHTS 
<>1 !      3516-70 1970 

T60<>70   INFRA-RED  SPECTRA OF   INORCANIC   SOLIDS.      II.      OKIOESt 
NITRISES.   CARBIDES.   BORIOES. 
8RAHE   £   C   JR MARGRAVE   J   L NELOCHE   V   N 
J   INORG   NUCL   CHEN 
5 Ht-it X957 

TtlZJ«   THERMAL   RAOIATIVE   PROPERTIES   —   METALLIC   ELEMENTS 
AND   ALLOYS.   VOL.   7   OF   THERMOPHYSICAL   PROPERTIES 
OF   MATTER   -   THE   TPRC   OATA   SERIES. 
TCULOUKIAN,   Y.   S. OEUITT,   0.   P. 
THERMJPHYSICAL   PROPERTIES   RES£APCH  CENTER, 
PURDUE   UNIV.,   LAFAYETTE.   INDIANA. 
IFI/PLENUN   DATA   CORP..   MEN   YORK. 
15..1.PP..    1970, 

T61il9   TME   THERMAL   COIIOUCTIVITY  OF   7IRC:NIUr( 
OIBORIDt-SILICON  CAPBIOr.   COrPOS.'TE   AT   ELEVATED 
TEMPERATURES.      M.S.    THESIS. 
KO   Y-C UNIVERSITY   OF   CICINNATI     COllCINNATI   OHIO 
UNIVERSITY   CF   CINCINNATI 

1-70 1969 

TEli.il   SILICON   NITRIDE   ;S   AN   AtTIREFLECTION  COATING   FOR 
S-MICONOUCTOR  OPTICS. 
LAFF,      R.   A. 
»»PL.   OPT. 
10   (   l>   I .   960-9.   1971. 

1611.59   EFFECTS   OF   SPACE   ENVIRCN^tNT   FACTORS   ON   THE 
MECHANICAL.   PHTSICAL.   A ID   OPTICAL   PROPERTIES   OF 
SELECTIO   IRANSPtUNT   ELASTOMERS. 
HILLI«MS,      J.   S. JUOOi      J.   H. 
LANGLEY   PtSEAPXH CENTEF.   HAMPTON,   VIRGINIA 
51PP..   1971. 
(   N4SA-TN-0-6716   I 

T6Z01I   EMISSIVITY   CF   SEMICONDUCTING   SILICON  CA^BIO?   AT   HIGH 
TEMPERATURES.      //ENGLISH   TRANSLATION  OF   FI7.   TEHH. 
POLUPROV.   S   /U/   lOfc".-.«.   1969.// 
0U9ROVSKII   C   8 
SOVIET   PHYSICS-SEtiCDNOUCTORS 
3 10     129E-J 1970 

T67i«7   A   THEORETICAL   ANO  EXPERIMENTAL    'JTUOY   OF   LIGHT 
SCATTtKING   IN   TMt^MAL   CONTROL   MAiERIALS.      FROM     HEAT 
TRANSFER   ANO   SPACECRAFT   THEFMAL   CONTkJL.      P»OGRcSS   IN 
ASTRONAUTICS   ANO  Ar.RONtUTICS.      VOL.   7». 
CILLIGAN   J   £ M7USKI-:MIC7   J IIT   R£S>:ARCM 
INSTITUTE     CHICAGO   ILL 
MIT   PRESS   CAM9?IOC;   MASSACHUSETTS 
7« 69-97 197C 

Tt76Jl   CHAHGES   IN   THE   OPTICAL   DENSITY   OF   BONE   TISSUE   ANO   IN 
THt   CALCIUM   H-TA10LISM  OF   THE   ASMOIiAUTS   A.   G. 
NKOLArJV   ANC   V.   t.   SEVASTMANOV. 
RIRIU<OV.      £.   N. KRASNYKH.      I.   G. 
KOSMICHcSKAIA   3IOLOGIIA   I   HEOirr.INA 
••,   i,7-6,   1970. 

T631JC   SPFCTPAl   ANO   PnLARI7ATION   CHARACTERISTICS   UF 
SELECTED   TAPCFTS   AMD   9.<CKG^aUN0S I      INSTRUM-NTAT ION 
ANO  MCASURr'O   RESULTS   I   3.1   •   U.O   IIU   H   I. 
FAULXNfR,      0. HORVATH,      R. ULRICH,      J,   P. 
MOPK,      E. 
AIR   FORCE   AVIOKICS   LADORATORY,   MRICHT-PATTERSON 
AIR  FORCE   BASE. OHIO 
107PP,,   1971. 
I   AFAL-TR-71.199   I 

T6377C   LONGNAVE   ABSORPTION   IN   POLYTYPe   »N   ALPMA-S1LICOM 
CARBIDE. 
ILIN.      M.   A. RASHEVSKAYA,      E.   P. BURAS.      t.   N. 
7H.   PRKL.   SPEKTROSK. 
1<>   I   S   I ,    i3'. -->,   1971. 
I FOR   ENGLISH   TRANSLATION   IK   TPRC   NO.   77661.   • 

T6li706   MEASUREMENT   OF   SOLAR  -   OPTICAL   PROPERTIES   OF   GLAZIN6 
MATERIALS. 
PENNINCTON,      C.   ». MOORE,      C.   L. 
ASHRAE   J. 
II (   7   It   Si-t,   1971. 

T6<>336   TOTAL   EMISSIVITY   OF   SILICON   AT   HIGH  TEMPERATURES. 
JAIN.     S.   C. AGARHAL,      S.   K. 30RLE,      i.   N. 
TATA.      S. 
J.   PMYS. 
<•   0   (   S   t,   l7C'-9,   1971. 

rb^-t,   ANTIREFLECTION  COATINGS   FQR   SILICON   IN   THE 
7.S-;t   NICROMETER  REGION. 
SHERMAN,      C.   H. COLEMAN,      P.   0. 
APPL.   OPT. 
10  I  17  I,  Z675-0,  ;«7t. 

T6I>9I.9   EFFECTIVE   MASSES   OF   FREE   ELECTRONS   IN   SILICON 
CARBIDE. 
ILIN,      N.   A. KIKHARSKII.      A.   A. 
RASHEVSKAYA.      E.   P. SUBASHtEV,     V.    K. 
FI7.   IV- -D.    TELA 
13(01.   7>.7e-00,   1971. 
I   FOR   ENGLISH   TRANSLATION   SEE   TPRC   NO.   ov)   0   I 

T653I.'.   KINETICS   OF   TH^  NITR13ATI0N   OF   SILICON   BY   AMMONIA   AT 
HIGH   TEMPERATURES. 

ORMONT. KAMCHATKA,  M. I.    ORHONT.  B. F. 
RUSS. J. PMYS. CHEN. 
N» I 9 I • 17<>f-9, 1971. 
(   ENGLlS)-   TRANSLATION  OF   7H.    FI7.   KHIM. 
17L6-9i   1971.,   FOR   ORIGINAL   SEE   TPkC   NO. 

I   9  I, 
3,3   I 

T6565?   INFLUENCE   OF   NEUTRON   ANO   ALPHA   PARTICLE   IRRADIATION 
ON   THE   N£AR-INFRAREO   TRANSMISSION  SPECTRA   OF 
8ORON-00PE0   CRYSTALS   OF   THE   6H   MODIFICATION   OF 
ALPHA-SILICON   CARBID£. 
IL<IN,      N,   A. KOSAGANOVA.      H.   C. 
SOLONATIN,      V.   N. 3ARIN0V,      YU.   V. 
BI'L'AKOV.      YU.   V. 
Fit,   TE<H.   POLUPROV. 
5(31,   5:6-9.   1971. 
(   FOR   ENGLISH   TRANSLATION   SEE   TPRC   NO.   a?b.3   ) 

166579   THERMAL   SAOIATIVt   PROPERTIES   "   NDNNETALLIC   SOLIDS. 
VOL.   «   OF   TMERfOPMYSICAL   PROPERTIES   OF   NATTER   " 
THE   TP'JC   OAIA   SERIES. 
TOULODKIAN,   Y.   S. OEHITT,   D.   P. 
TM'.R.lOPilYSICAL   PROPERTIES   RESEARCH  CENTER. 
PURDUE   UNIV..   LAFAYETTE.    INDIANA. 
IFI/PLENUH  OAT»  CORP.,   NEN  YORK, 
1763PP.   1971. 

T6030S   DtV£LOPMENT   OF   TiCMNIQUtS   »NO   ASiOCIATES 
IHSTRU!1£NTAII0K   FOR   HIGH   TiMPERAIUKE   TMISSIVITY 
HEASURENENTS. 
CUKNINGTON.      G.   R. FUNAI,      A.   I. 
LOCKHEFO   HISSILES   ANO   SPAC£   CO.,   PALO   Ai.10,   CALIF. 
S6P".,   1977. 
I   HTi-l^ltT*,   N»SA-CR-1?J6'.7,   AVAIL.   NTIS   I 

T6t:i.J   SOME   NEW   MINOOH   NATE'IIA^S   FOR   THE   Nc»R   INFi.t'iED 
Rf. GION, 
J»N»90HANAN   PILL»1,     K.   K. PAM»KRISHNAN,     K. 
RAO,      H.   N,   V. SUBRAHANIAN.      V. 
SIIRYANARAYANA,      C.   V. 
INDIAN   J,   PURI   APCL.   PHYS. 
10   17   1.   177-»,   1977. 

T6«Sbb A DESTRIPTION V THT OF. . BIOI P'CI IONAL 
CHA-MCrtRISTICi OF STAINLESS STEtL SO». 
SICCKMtN.     L.   M. 
AIR   FORCE   «CAD'HY,   COLORJOn   CEPT.   OF   AC-(OM.UTlCS 
Z^PP..   1977. 
(   AO-7-.1)   171,   nFAN-TP-77-3,   AVAIL.   KMS   I 
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T6*m   «»»UCmON   OF   THE   FMIB   I   FOUSTKtrcO   NUITIFLC 
INTCRNtL   RCFLCCTION   I    T'CHNIOUE   TO   THE 
K-SPECTfiOSCOPIC   IO:NTIFIC«TICiri   OF   COil'r   FILMS   «NO 

JONE,      G. TPiSt«.      C. 
«NUM.   tUKHONOL.   CHEN. 
zi, s7-ios. itrz. 

I7C731   THERMAL   CONOUCTIVITT   OF   INDIUM   IN   THE   SOLID   «NO 
LIQUID   STATES. 
RtSHATE»,      6.   Pt HtCONEDO».      ».   N-*. 
HE4T   TRANSFER-SO«.   RES. 
S   I  Z  I.   1-J>  l*Ti. 

170774   RRCPtRtTION   OF   SILICON   NITRIDE   «T   »«P0R-PM«St 
REACTION. 
PClJIM«,      K. SEUM.      N. ISHII,      N. 
TtNtK*.     N. 
J.   «HER.  CERRN.   SOC. 
St      (6)   .   Mt.    197J. 

T7099?   NEtSUREHENT   OF   THE   ENISSIVITT   OF   H1TERULS   PRODUCED 
BY   PONDER   AND   PLRSHR   HETtLLURGY   TECHNIQUES. 
SHIRNO«.      C.   V. 
SO».   POHDER   HET.   NETU   CERRM. 
It   (   11   I.   923-7.   1972. 
I   ENGLISH   TRtNSLATION   OF   POROSH,   MET..   12   I   11   I • 
79-ai>.   1972:   FOR  O^ICINRL   SEE   TPRC   NO.   7(091.   I 

T/IUOJ   INFPRREO   RBSOÜPTION   STUDY   OF   ION-IMPLtNTED   SILICON. 
MORGRN,      H.   T. 
VIRGINIA   POLYTECH.    INST.,   SLACKSBURC,   »».. 
PH.D.   THESIS 
«7PP.   1972. 
I UH   72-23.a<.2,   tVRIL.   UNIV.   MICROFILMS   t 

171-98   INFRARED   SPECTRA   OF   SILICA   AND   SILICONI   IV   I   NITRIDE 
PREPARED   BY   CATHOOIC   AND  PLASMA   TORCH  SPRAYING. 
BUCH,      J. 
ELEXTPOTECH.   CAS. 
21,   I   3   1.   158-90.   1973. 

T7iai9   REFLECTION   SPECTRA   OF   ORGANIC   POLYMERS   IN   THE 
9-23.1   H   QUANTUM ENERGY   RAKGE. 
VINOKUROVA,      L.   N. CHCRKASOV,     YU,   A. 
KISILITSA,      P.   P. 
0*1.   SPEKTRCSK. 
•.   i   k   \,   809-7,   1973. 
(   FOR  ENGLISH   TRINSLATION   SEE   TPRC  NO.   72331   I 

T7ia93   TITAL   EMITTANCE   AMD   MONOCHROHATIC   EMITTANCE   OF 
METALS   AND   NONMCTALS. 
KANAYANA,      X. 
HEAT   TRANSFER-JAP.   RES. 
2(3),   7a-10<>,   1973. 

T719S9   TOTAL   EMlSSIVc   PONiR   OF   ALLOYS   OF   SILICON   WITH 
IRON.   COBALT,   AND   NICKEL   IN   THi   TEMPERATURE   «ANCE 
FRJM  900   TO   1750 C. 
'•we:;,      K.    H. BAUM,      8.   A. GELD,     P.   V. 
II I   1   I,   60-70,   1973. 
(   MGLISH   TCAHSLATION   OF   TEPLOFI?.   VYS.   TtMP, ,   11 
I   1   ),   73-33,   19711   FOR   ORIGINAL   SEE   TPRC   NO.   719S8      » 

T72331   THE   RCFLECIANC-:   SPiCTRA   OF   CRGANIC   P0LY1ERS   IN 
THE   5-23.1   EV   INH3V   RANGE. 
VINOKUROVA,      L.   N. CHERKASOV,      YU.   A. 
KISUIT3A,      P.   P. 
OPT.   SPECTROSK..   USSR 
31,   (   <•   I ,   <.e<>-6,   1^7 3. 
I   ENGLISH   TRANSLATION   tF   OPT.   SPEKTROSK,,   31,   I   <•   I, 
a0;-7,   1973!   FOR  ORIGINAL   SEE   TPRC  NO.   71019   t 

T72«)0a   IIPURtTY   ABSORPTION   IN   NITROCES-00PEO   ALPHA-SILICON 
CAROIDE   I   14   R  AND  27  R  I   CRYSTALS. 
PURTSELA02E,      I.   M. KHAVTASI,      L.   G. 
FI2.    TfKH.   FOLUPROV. 
•    I   U   I .   ia71-<>,   1971. 
(   FOR  ENGLISH   TRANSLJTION   SEE   TPRC   NO.   72o09   t 

T72777   AISORPTION   COEFFICIENT   OF   INFRARED  LASER   «WON 
MATERIALS. 
DEUTSCH,      T,   F. 
J.   PUTS.   CMEM.   SOLIDS 
3«   (   12   I,   2091-101),   1973. 

173802   FFFECT   OF  CONTAMINATION ON   THE   OPTICAL   PFOPIRTUS   OF 
TRANSMITTING   ANO   RtFLECIING   MATERIALS   £«PJStO   TO   A 
H1H/H20I,   KOCKi;!   E«HAUST. 
13MMAN,      R.   L. SPIi7,     E.   N. JACK,     J.   R. 
NAiA-TM-x-6320» 
12PP.,   1973. 
(   N73-2;9-.2   I 

T73a3l.   MICROHAVE   PROPERTIES  OF   GERMANIUM  AND   SILICON 
MI NOONS. 
LOTHROP,      R.   M. 
U.   S.   NAVAL   PERT.   NNL-Ta-2ai9 
73PP.,   1972. 
I   AO-753   -.ab   I 

771,009   INVESTIGATION   OP   1ME   INISSZVITT   OF   LIQUID 
FERROSILICON. 
2AUN.      B.   A. SHVAREV,     K.   H. GEL   Ot     P.   ». 
RUSS.   MET.,    I   HETALLY   I 
I 3   I,   »C-3,   1971. 
(   ENGLISH   TRANSLATION  OF   I2V.   AKAO.   NAU<   SSSR^ 
METAL..   I   3   li   So-       ,   19711   FOR   ORIGINAL   SEE   TPRC 
NO. ri,ott t 

771,177   INDUSTRIAL   PRODUCTION  OF   PARTS   PROP   SELF-BONDED 
SILICON   CARBIDE   AT   THE   3ROVARY   PONDER   HiTALLURCT 
FACTORY. 
FRANTSEVICH,      I.   N. GNESIN,      6.   C. 
OYBAN,      YU.   P. GAIOUCHENKO,      A.   K. 
OSOVITSKII,      E.   I. OSTROVERKHOV,      V.   I. 
SOV.   PONDER   NET,   METAL   CERAH. 
II «   12   I,   997-9,   1972. 
I   ENGLISH   TRANSLATION  OF   POROSH.   MET.,   11   (   12   t t 
61-3,    1972;   FOR  ORIGINAL   SEE   TPRC   NO.   74176   I 

T7B52S   EMITTANCE   MEASUREMENTS  ON   INFRARED   NINODNS   EIHIBITING 
NAVELENGTH   DEPENDENT   DIFFUSE   TRANSMlTTANCE. 
NATCH,     S.   E. 
APPL.    OPT. 
1   <  S   I,   59S-(:i,   1962. 

T7679;   INFRARED   SPECTKA   OF   PLASTICS   AND   RESINS.     PART   2. 
MATERIALS   DEVELOPED   SI'ICE   195<>. 
STIHLER,      S.   S. KAGARISE,     R.   E. 
U.   S.   NAVAL   REPT.   NRL-6392 
3aPP.,   1966. 
(   AO-631,   W   I 

T76798   INFRARED   SPECTCA  OF   COMPLEX   ORGANIC   MATiRIALS  USING  A 
PYROLYTIC   TECHNIQUE. 
LARA.      N.   0. 
NAVAL   AIR   RENCPK  FACILITY,   ALAMEOA,   CALIF. 
a9PP.,   1967. 
( ta-srj  136 I 

T768CÖ   IR   REFLECTION   FROM   SILICON   At   A   HIGH 
NONEQUIL IBRIUH-CARRIER   CONCENTRATION. 
BOSROVA,      E.   A. VAVILOV,     V.   S. GALKIN,      C.   N, 
SOV.   PHYS.   SOLID   STATE 
12   (   i,   I .   959-M.    I 970. 
I   ENGLISH   TRAf ,iUN  OF   FI2,   TVERD.   TELA,   12   I   «   I, 
1232-6,   1973:     JR ORIGINAL   SEE   TPRC   NO.   T7sai5   I 

T76012   INFRARED   SPECTRA   CF   PLASTICS   AND   RESINS. 
KAGARISE.     R.   E. NEINaERGER,     L.  A. 
NAVAL   RESEARCH  LAB. 
3aPP.i   19S<.. 
I   AO-32   E39   I 

176811,   DETERMINATION   OF   THE   THERMAL   EMITTANCE   STABILITY 
OF   SPACECRAFT   RADIATOR   COATINGS. 
CONRAROY,      N.   P, 
U.   S.    AIR   FORCE   UPT,   ASü-T0R-63-<.29 
a7PP..   1963. 
(   JO-uts   239   I 

776091   HIGH   T£1PERATUSc   OPTICAL   GLASSES.      LON   EXPANSION 
MATERIALS. 
CORNING   GLASS   HORKS 
CORNING   «EPORT  NO.   79'.3 
1CPP..    1971. 

T769i.i   VITRtOUS   SILICA. 
OUMaAUCH,      N.   H. SCHULTZ,     P. 
ENCYCL.   CHEM.   TECHNOL. 
It,   73-i:ii,   19(9. 

T7611.b   VITREOUS SILICA   FOR   THi   JCIENUFIC   GLASSKONIR. 
JRCHfLL, T.   P, HrlTHrRIHITON,      G. 
J.   DPIT, SOC.   SCI.   GLASSBLONERS 
1   I    1    I, 1-12,   19o6, 

T769'.7   POLARI7£D   REFLCCIANC':   DATA   GATHEfJEC   NITH   THE 
GENERAL   1YNAUC5   CO:lVAIR   AEK^-PACE   REFLICTAHCf 
MfASUKriG   DEVICES, 
GENERAL   DYHAIKS  COMVAIR   AEROSPACE   OIVIMC...   SAN 
DIEGO,   ClLlFCtNIA,   CASll-AtC-7l,-0C I 
'.7PP.,   1971.. 

T770'.l   FUSED   SILTCA. 
DYNA'.IL   CO^P.   OF   AMERICA 
DYHASIL-7i)2 
WPP. 
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IITCi   UrUXItTION   OF   iNfRtKCO   teSORPTIOk  SFECTPOSCSfr  FOR 
TtSTINC   »CRTIIC   FIBERS.      INfFIREO   SFCCItUH   OF   TM£ 
••   LUN»   tCRYLIC   FIBER. 
«tcTOIIIi.      P. 
IN3.   TEIT, 
ZO   «   6   ).   J65-3C.   lSb9. 

T77m  CMtNCES   IN  THE  OPTIC/tL   PROPERTIES  «NO  OFRIER 
DiNSITT   IN   SILICON   «NO   C«UIUH   ARSENIOC   DUt   TO   STROKC   CoUC 
PMOTOL<CIT«TION  NIIH   t   RUBE USER. 
BLINOV.      L.   M. VkVILO».      V.   S. CtLKINt      6.   N. 
soy.  Rnrs.  SCNICONO. 
1(91. tm-i. no?. 
I   ENGLISH  TRANSLATION  OF  FII.  TERN.   POLUPROV..   1 
(   4   ).   13$W.   1167«   FOR CRICINtL  SEE  TPRC E0<>Si.l 
NO.   7704«   t 

777101  COHPRRISON  OF  ABSORPTIVE   ENER67   AMO PEN£TR»TIN6 
ENERCT   OF   VARIOUS  POLTHER   FILMS   ANO   THEIR   RADIATION 
COEFFICIENTS. 

E03607   OPTICAL   PROPERTIES   OF   PURE   AND   OOt-iO   SILICON 
CARIIOE. 
LELV,      J.   A. <iUir.-<>,      F.   A. 
INI      St1ICON9UCTO<'S   AHO   PH0SFH3RS 
PROC.i    IKTcRNAT.   COLLOQUlH,   PARTEHXIRCH^N. 
EO.   Hi   SCHOEN,  N.   ANO h.   MELKER.     N.V.,   IHTERSCI. 
51<i-*7>>PP..   H.O. 

INFRARED   REFRACTIVE   INOCIES  OF   SILICON  OtRHANlUN   fiO 
HOOIFIEO  SUENIUH CLASS. 
SALilERGi      C.   A. VILLA,      J.   J. 
OPTICAL   SOC.   CF   AHcRICA.   J 
fc7   (   3   I ,  7<.k-b,   1157. 

THE TEMPERATURE  DEPENDENCE  OF  THE  SILICON UrUeTtM 
INOEI. 
LUKES.      F. 
CZECHOSLOVAK   J.   OF   PHYS. 
10   (   -   I ,   317-37».   1460. 

FUJIKURA.      T. 
SEN-I   OAKKAISHI 
Z>i   I   11   I,   M>-11 

ISHIKAM«,     K. 

14B0. 

T77175   AISORPTION  COEFFICIENT   OF   UNPI6HENTED   POLT    I   HETHYL 
HETACRYLATEI.   POLYSTYRENE.   POLYCARBONATE.   AND   POLY E17i0 

EOTTO   NITROGEN   IN   SILICON. 
KAISER,      M. THURHOND.      C.   0» 
JOURNAL   OF   APPLIED  PHYSICS 
30  <  3 I • WT-VJI,   14;$. 

(   I.-METHYLPENTENE-1    I   SHEETS. 
PRDCELHOF,     R.   C. FRANET,     J. 
J.   APPL.   POLYMER  SCI. 
IS   I   7   t,   1003-7,   1971. 

HAAS,      T.   H. 

T77155   THE   JSE   OF   NHR   fETHOOS   AND  INFRARED  SPECTPOSCOPY  TO 
STUDY   THERHOREACTIVE   HAT£R-SOLUiL£   ACRYLIC 
COPDLYNERS. 
KVASNIKDV.      YU.   P. FILIPFYCHEV,      &,   F. 
J.   APi>L.   CHEH.,   USSR 
%1    I    10   l,   7100-40.   1900. 
(   ENGLISH  TRANSLATION   CF   7H.   PRIKL.   KHIN.,   kl    I   10   ) 
2311-3.   19601   FOR ORDINAL  SEE TPRC  NO.   T7713k   I 

T771l,l   TMi   DIELECTRIC   PROPERTIES   Of   O^GANOSIL ICON   FILMS   AND 
THE   EFFECT   CF  GAMHA-RADIATICN  ON   THEIR  STRUCTURE. 
TKuCHUK,      B.   V. PEROVA,     L.   V. 
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